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ABSTRACT 
An engineering model l i q u i d  m e t a l  s l i p  r i n g  w a s  
developed t o  t r a n s f e r  e l e c t r i c a l  power across  a r o t a t i n g  
j o i n t  i n  a sa te l l i t e ,  The s l i p  r i n g  w a s  operated a t  100 
amps DC a t  vol tages  up to 3'000 v o l t s  a t  r o t a t i o n a l  speeds 
of 1 revolu t ion  per  day, i n  a i r  and vacuum environments. 
The l i q u i d  metal was gall ium; the  e l ec t rode  materials were 
tungsten,  tantalum, and molybdenum; and the  i n s u l a t i o n  was 
Delr in .  A contamination of gal l ium was observed and 
e f f o r t s  made t o  iden t i fy  it. 
. . .,
t 
i 
i x  
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1.0  SUMMARY 
A program w a s  undertaken t o  develop an engineering model l i q u i d  
m e t a l  s l i p  r i n g  t o  t r a n s f e r  e lectr ical  power across  a r o t a t i n g  j o i n t  i n  a 
sa te l l i t e ,  The program consis ted of t h ree  major tasks:  material s e l e c t i o n  
and experiments, engineer ing tes t  model design and f ab r i ca t ion ,  and engin- 
ee r ing  test  model t e s t i n g  and eva lua t ion .  During t h e  material  s e l e c t i o n  
and experiment phase, candidate  l i q u i d  metal, e l ec t rode  and in su la t ion  
materials were se l ec t ed  and t e s t e d .  Gallium w a s  s e l ec t ed  as the l i q u i d  
metal, and tungsten,  tantalum, molybdenum, and g raph i t e  were se l ec t ed  as 
t h e  e l ec t rode  materials. Noryl, Teflon, and Delr in  were chosen as the 
in su la t ion  materials. Se lec t ion  w a s  based on the  func t iona l  requirements 
of t he  s l i p  r i n g ,  the inherent  p rope r t i e s  of t h e  materials, t h e i r  compati- 
b i l i t y  wi th  each o the r ,  and t h e i r  s u i t a b i l i t y  f o r  ground and space opera t ion .  
An experimental program w a s  run t o  eva lua te  the  materials and 
t h e i r  compat ib i l i ty  wi th  each o ther  
achieved by the  removal of  the e l ec t rode  sur face  oxide. There w a s  no 
gal l ium a t t a c k  upon t h e  e lec t rodes  as determined by metallographic and 
spectrographic  analyses .  The e l e c t r i c a l  noise  w a s  neg l ig ib l e ,  t h e  c a p i l l a r y  
r e t a in ing  force  was s t a b l e ,  and t h e  f reez ing  of gall ium re su l t ed  i n  no 
de le t e r ious  e f f e c t s  Delr in  and Teflon in su la t ions  showed no a t t a c k  by 
gal l ium. 
Low electr ical  r e s i s t ance  w a s  
An engineer ing tes t  model s l i p  r i n g  w a s  designed, fabr ica ted  and 
t e s t e d .  It was operated a t  100 amps DC a t  vo l tages  up t o  3000 v o l t s  between 
r ings  a t  r o t a t i o n a l  speeds of 1 revolu t ion  per  day i n  a i r  and vacuum environments. 
I n  t h e  engineer ing t e s t  model, t he  e lec t rodes  were fabr ica ted  of  tungsten,  
tantalum, and molybdenum and the  l i q u i d  metal w a s  gal l ium. A gallium con- 
tamination was observed i n  the  s l i p  r ing  and e f f o r t s  were made to  i d e n t i f y  
-2 - 
i t  by means of spec t rographic ,  x-ray d i f f r a c t i o n ,  and in f r a red  
analyses .  The tests showed no evidence of e l ec t rode  material i n  the 
< 
g a l l i u n .  The contamination could no t  be i d e n t i f i e d .  
2 .o INTRODUCTION 
A program w a s  e s t ab l i shed  t o  develop an  experimental  l i q u i d  
m e t a l  s l i p  r i n g  t o  t r a n s f e r  electrical  power between r o t a t i n g  s a t e l l i t e  
p a r t s .  The s l i p  r ing  w a s  t o  be capable of car ry ing  100 amps per  r ing  a t  vol tages  I 
up t o  3000 v o l t s  between r ings  a t  a nominal r o t a t i o n a l  speed of one revolu t ion  
per day and be ope ra t iona l  both on t h e  ground and i n  space. 
metal w a s  t o  be e i t h e r  gal l ium o r  a l l o y s  of gal l ium and i t  was t o  be 
The l i qu id  i 
r e t a ined  i n  the  s l i p  r i n g  by c a p i l l a r y  fo rces .  
1 
A number of p o t e n t i a l  problem areas  were i d e n t i f i e d  as requir ing 
These inves t iga t ion  before  the experimental  s l i p  r ing  could be designed. 
included : 
Reaction of ga l l ium with e l ec t rode  and i n s u l a t i o n  ma te r i a l .  
U t i l i z a t i o n  of c a p i l l a r y  fo rces ,  contac t  angle ,  su r f ace  
tens ion ,  and t h e  s t a b i l i t y  of l i q u i d  meta l - so l id  i n t e r f a c e .  
Other t echn ica l  a r eas  were i d e n t i f i e d  a s  requi r ing  inves t iga t ion  included 
d e f i n i t i o n  of c r i t i c a l  design, launch and opera t iona l  condi t ions ,  and the  
c a p a b i l i t y  t o  opera te  i n  zero g rav i ty  and vacuum condi t ions f o r  f i v e  t o  
t en  years  without  degradat ion of performance e 
I n  order  t o  so lve  these  problems, a program with th ree  major t a sks  
w a s  undertaken, These tasks  were: 
Task 1 .  Material  Se lec t ion  and Experiments 
Task 2.  Engineering T e s t  Model Design and Fabr ica t ion  
Task 3 .  Engineering T e s t  Model Tes t ing  and Evaluat ion 
-3 " 
. .  
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Task 1, Mater ia l  Se lec t ion  and Experiments, consis ted of 
s e l e c t i n g  candidate  l i qu id  metal ,  e l ec t rode  and i n s u l a t i n g  mater ia l s  
and t e s t i n g  them t o  determine t h e i r  performance c h a r a c t e r i s t i c s .  
Task 2 ,  Engineering Tes t  Model Design and Fabr ica t ion ,  w a s  t h e  e f f o r t  
t o  provide a test bed t o  v e r i f y  the s l i p  r i n g  design concepts.  
Task 3 ,  Engineering T e s t  Model Test ing and Evaluat ion,  e n t a i l e d  t h e  
test  e f f o r t  performed t o  determine t h e  ope ra t iona l  c h a r a c t e r i s t i c s  and 
t o  demonstrate t h e  v a l i d i t y  of t he  l i q u i d  metal  s l i p  r ing  design concept.  
I n  add i t ion  t o  these  t a sks ,  a s tudy was made of t he  gall ium contamination 
which w a s  observed i n  the experimental  s l i p  r i n g ,  
3 .O MATERIAL SELECTION 
The f i r s t  major t a s k  i n  t h e  o v e r a l l  development of t h e  l i q u i d  
metal s l i p  r i n g  w a s  t h e  s e l e c t i o n  of the  ma te r i a l s  t h a t  would be used 
and t o  de f ine  the  experimental  program t h a t  would tes t  t h e  func t iona l  
c h a r a c t e r i s t i c s  of t hese  materials. There a r e  t h r e e  major ca tegor ies  of 
ma te r i a l s  involved i n  the  s l i p  r ing:  t h e  l i qu id  metal ,  e lec t rode  mater ia l  
and i n s u l a t i o n ,  A t  t h i s  po in t  i n  t h e  program, s t r u c t u r a l  materials, 
. .  
8 
wir ing ,  bear ings,  e tc . ,  were not considered t o  be c r i t i c a l  t o  the  per for -  
mance of the s l i p  r ing .  
not  only on the  b a s i s  of t h e i r  ind iv idua l  p rope r t i e s  but a l s o  on t h e i r  
i n t e r a c t i o n s  wi th  each o the r  i n  t h e  f i n a l  component. 
The s e l e c t i o n  of materials had t o  be considered 
-4 - 
Based on pre-proposal and proposal e f f o r t s ,  it appeared t h a t  
t h e  s e l e c t i o n  of  materials would s t a r t  with t h e  i d e n t i f i c a t i o n  of t h e  
l i q u i d  metal t o  be used and t h a t  the primary candidate  f o r  t h i s  l i q u i d  
m e t a l  would be gal l ium o r  a l l o y s  of gall ium. Gallium is n o t  a widely 
used material and i t s  c h a r a c t e r i s t i c s  have been s tud ied  p r i n c i p a l l y  from 
a s c i e n t i f i c  po in t  of view r a t h e r  t han  as a p r a c t i c a l  engineering material. 
This necess i t a t ed  a thorough understanding of t h e  poss ib l e  problem a reas ,  
a c a r e f u l  s e l e c t i o n  of t h e  materials t h a t  w i l l  be used wi th  i t ,  and an  
experimental  eva lua t ion  program. 
A s  p a r t  o f  t h e  material s e l e c t i o n  phase, t h e  c r i t i ca l  material 
areas were i d e n t i f i e d ,  parameters of material s e l e c t i o n  e s t ab l i shed ,  a 
l i t e r a t u r e  search performed, and candidate  materials def ined .  
I n  t h e  t h r e e  ca t egor i e s  of ma te r i a l s  considered, l i q u i d  metals, 
e l ec t rodes  and in su la to r s  , the  bas i c  important parameters of t hese  materials 
were t h e i r  inherent  e l e c t r i c a l ,  physical  , chemical and me ta l lu rg ica l  
p rope r t i e s  ; t h e i r  compat ibl i ty  wi th  each o the r  and with ground and space 
opera t ing  environments ; and t h e i r  funct ioning toge ther  so as t o  ob ta in  
an optimum l i q u i d  metal s l i p  r ing .  
3.1 GENERAL CONSIDERATIONS OF GALLIUM-ELECTRODE INTERACTIONS 
The i n t e r a c t i o n s  of  gal l ium and e l ec t rode  ma te r i a l  were ex tens ive ly  
examined from chemical and me ta l lu rg ica l  po in t s  of view based on t h e o r e t i c a l  
cons idera t ions .  I n  add i t ion ,  a comprehensivc? l i t e r a t u r e  search was made 
t o  ob ta in  s p e c i f i c  information as w e l l  as da ta  concerning t h e  poss ib l e  
r eac t ions  between ga l l ium and candidate  e l ec t rode  ma te r i a l s .  
Generally,  gall ium-electrode r eac t ions  can occur i n  a number 
of f o m s  : 
Solut ion a t t a c k  - e lec t rode  at tacked by gal l ium y ie ld ing  a 
l i q u i d  phase. 
Alloy a t t a c k  - e lec t rode  at tacked by gall ium yielding s o l i d  
phases composed of s o l i d  so lu t ions  and i n t e r -  
m e t a l l i c  compounds. 
I n t e r g r a n u l a r  a t t a c k  - p r e f e r e n t i a l  a t t a c k  occurring a t  g r a i n  
boundaries. 
E l e c t r i c a l  e f f e c t s  - e l e c t r o l y t i c  t r anspor t  of e l ec t rode  
material from one e l e c t r o d e  t o  another .  
Corrosion - chemical r eac t ion  t h a t  r e s u l t s  i n  t h e  formation of 
i n t e r m e t a l l i c  compounds. 
Erosion - wearing away of e l ec t rode  material by r e l a t i v e  motion 
between e l ec t rode  and gall ium. 
The s o l u t i o n ,  a l l o y ,  i n t e rg ranu la r  and e l e c t r i c a l  forms of a t t a c k  
seemed t h e  most l i k e l y  t o  occur and w e r e  given t h e  most a t t e n t i o n  with 
t h e  g r e a t e s t  emphasis placed on s o l u t i o n  and a l l o y .  E l e c t r i c a l  e f f e c t s  
w e r e  considered as p o t e n t i a l  problems; however, s i n c e  no information w a s  
found i n  the  l i t e r a t u r e  concerning t h e  behavior of gall ium i n  t h i s  respect  
and these  e f f e c t s ,  i f  they exis t ,  would show i n  experimental r e s u l t s .  
The gal l ium-electrode r eac t ions  are influenced by two phenomena: 
t h e  concen t r a t ion  gradient  and the  thermal g rad ien t .  A concentrat ion 
g rad ien t  is e s t ab l i shed  when any r eac t ion  products v a r i e s  s p a t i a l l y  between 
t h e  unreacted e l ec t rode  material  and the unreacted gall ium. Thermal 
g rad ien t s  which can be caused by a v a r i e t y  of reasons,  such as cu r ren t  
flow, can cause increased loca l i zed  r eac t ion  rates because of convection 
e f f e c t i n g  the  gall ium-electrode i n t e r f a c e ,  Concentrati on and thermal 
g rad ien t  t r a n s f e r  were thought not t o  be a problem i n  the s y s t e m s  under con- 
s i d e r a t i o n ,  p a r t i c u l a r l y  s i n c e  the attempt j.s not t o  l i m i t  a t t a c k  b u t  t o  
e l iminate  a t t a c k  a 
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The b a s i c  cor ros ion  phenomena has  been w e l l  s tudied and t h e  
importance of impur i t ies  documented and w i l l  not  be re-elaborated.  
co r ros ion  mechanisms t h a t  could occur in  t h i s  program were g r e a t l y  
s impl i f i ed  by t h e  f a c t  t h a t  t h e  specimens as w e l l  as the  s l i p  r ing  
system were cons t ruc ted  from s i n g l e  metals  and t e s t e d  under s t a t i c  o r  
n e a r - s t a t i c  condi t ions .  
The 
3.1.1 Solu t ion  Attack 
3.1.1.1 Disso lu t ion  of Base Metal 
I n  systems containing a s i n g l e  a l l o y ,  t h e  most d i r e c t  
r eac t ions  can occur  by d i s s o l u t i o n  of the  base me ta l , ( e l ec t rode )  i n  the  
l i q u i d  metal environment. The r a t e  determining f a c t o r  f o r  t he  t r a n s f e r  
of material from t h e  s o l i d  t o  the  dissolved s ta te  i s  cont ro l led  by the  
rate a t  which t h e  s o l u t e  moves by d i f f u s i o n  through a su r face  f i l m  i n t o  
t h e  bulk of t h e  f l u i d .  A second mechanism is  termed "so lu t ion  rate 
l imited",  which pos tu l a t e s  t h a t  t h e  d i f f u s i o n  s t e p  is  slow compared with 
t h e  i n i t i a l  rate o f  s o l u t i o n .  Unless a pass iva t ing  f i lm  can be developed 
a t  t h e  1 iquid-so l id  i n t e r f a c e  (depos i t ion  of r eac t ion  product f i l m s ) ,  one 
can expect a r e l a t i v e l y  rap id  r a t e  of cor ros ion  t h a t  is temperature 
dependent. Factors  such as the  presence of impur i t ies  i n  t h e  l i q u i d  
metal ,  and t h e  formation o f  compounds wi th  the a l l o y  can have a marked 
e f f e c t  on t h e  r eac t ion  rate s i n c e  they provide mechanisms f o r  sus t a in ing  
t h e  reac t ions  beyond s a t u r a t i o n  of t h e  l i q u i d  metal by the d isso lv ing  
element. A s  an example, i n  a l k a l i  metals, t h e  d i s s o l u t i o n  rate of some 
metals is known t o  be  dependent upon the oxygen content  of t h e  l i q u i d  meta l .  
3.1,1.2 Solu t ion  Criteria 
Liquid m e t a l  theory is a t  present  only poorly understood and 
at tempts  t o  apply conventional s o l u t i o n  theory reveal many exceptions t o  
t h e  r u l e .  
p o t e n t i a l  theory t o  l i q u i d  metal and although some ind ica t ions  of mutual 
s o l u b i l i t y  can be obtained,  no dependable c o r r e l a t i o n  w a s  produced which 
would even semi- re l iab ly  p r e d i c t  t h e  behavior of one metal d isso lved  i n  
another ,  t he  most u s e f u l  i nd ica t ion  of behavior,  see Table 1, is  provided 
by a funct ion termed s o l u b i l i t y  parameter ( 6 )  derived from t h e  energy of 
vapor i za t ion  (E ), (taken as a measure of i n t e r n a l  pressure and closeness  
of packing),  and atomic volume (V) expressed as: 
Hildebrand") has  attempted t o  apply i n t e r n a l  p re s su re  and 
V 
The internal.  p ressure  theory appears t o  break down l a r g e l y  due t o  t h e  
formation of intermediate  compounds which ind ica t e  a s t rong  i n t e r a c t i o n  
between un l ike  atoms r e l a t a b l e  t o  d i f f e rences  i n  e l ec t ro -nega t iv i ty .  
Thus, s l i g h t  d i f f e rences  i n  s o l u b i l i t y  parameters should r e s u l t  i n  high 
mutual s o l u b i l i t y  and t h i s  can be shown t o  occur i n  severa l  ins tances ,  
but  the  converse does not  hold,  many metals wi th  l a r g e  d i f f e rences  i n  
s o l u b i l i t y  parameters do form homogeneous l i q u i d  phases.  So while some 
ind ica t ions  of  behavior can be obtained from thermodynamics, r e l i a b l e  
p red ic t ion  of metal s o l u b i l i t y  awai ts  b e t t e r  understanding of  l i qu id  metal 
theory 
Metal 
A t o m i c  
Rad i u s  
Electro- 
chemical  
P o t e n t i a l  Valency 
Melt ing 
Poin t  
OC 
G a  
I n  
Sn 
Zn 
A 1  
M g  
Ag 
Cd 
N i  
c u  
Au 
Be 
V 
Fe 
Hf 
T i  
Zr 
Pt  
Ta 
Nb 
Mo 
Re 
W 
C 
1.41 
1.66 
1.62 
1.38 
1.43 
1.60 
1.44 
1.54 
1.24 
1.28 
1.44 
1.12 
1.34 
1.26 
1.50 
1.47 
1.60 
1.38 
1.46 
1.46 
1.39 
1.37 
1.39 
0.914 
+0.52 
+0.340 
+O .1406 
+0.7628 
+1.67 
+2.37 
-0.799 
+0.4020 
+0.23 
-0.522 
-1 -42 
+0.255 
+0.441 
+1.75 
-0.01 
-0.485 
3 
3 
4 ( 2 )  
2 
3 
2 
1 
2 
2 
2 
1 
2 
5 
3 
4 
4 
4 
4 
5 
5 
6 
7 
6 
4 
29.8 
156 
231 
419 
660 
650 
960 
32 0 
1453 
1083 
1063 
1277 
1900 
1536 
2222 
1668 
1852 
1769 
2996 
2415 
2610 
3180 
3410 
3127 
( g a s )  
C r y s t a l  
S t r u c t u r e  
Cubic 
Tet ragonal  
Te t ragonal  
Close packed hexagonal 
Face centered  c u b i c  
Close packed hexagonal 
Face centered  cubic  
Close packed hexagonal 
Face centered  cubic  
Face centered  cubic  
Face centered  cubic  
Close packed.hexagona1 
Body centered  cubic  
Body centered  cubic  
Close packed hexagonal 
Close packed hexagonal 
Close packed hexagonal 
Body centered  cubic  
Body centered  cubic  
Body centered  cubic  
Body centered  cubic  
Close packed hexagonal 
Body centered  cubic  
Hexagonal 
Approximate 
Liquid 
S o l u b i l i t y  
a t  80% 
( a t  %) E l e c t r o -  
i n  Gal l ium n e g a t i v i t y  
1.6 
6 5% 1.7 
2 5% 1.8 
8% 1.6 
6% 1.5 
4% 1.2 
4% 1.9 
2% 1.7 
1% 1.8 
1% 1.9 
112% 2.4 
( s e e  t e x t )  1.5 
1.6 
No l i q u i d  1.8 
s o l u b i l i t y  g iven  
1.2% s o l i d  
s o l u b i l i t y  
1.3 
1.5 
1.4 
2.2 
0.01% W t .  1.5 
a t  450°C 
s o l i d  s o l u b i l i t y  
1.6 
1.8 
1.9 
0.0L'2-0.008% 1.7 
a t  815% 
2.5 
Heat of 
Vapor iza t ion  
kg -calf  g -atom 
S o l u b i l i t y  
Parameters 
a t  25% 
(cal/cm3 1% 
Surface  
Tens i o n  
dyne f cm 
(25OC) 
Free Energy 
of Oxide 
Format ion  
K calfgram 
Atom of 02 
1.34 
0,78 
1.72 
1.76 
2.55 
2.14 
2.70 
1.46 
4.21 
3.11 
3.03 
2.8 
4.2 
3.67 
5.2 
3.7 
4.0 
5.2 
6.8 
6.4 
6.6 
7.9 
8.05 
74 
60 
65 
58 
86 
50 
82 
45 
124 
107 
93 
129 
119 
117 
112 
94 
94 
12 1 
136 
12 7 
12 8 
146 
14 5 
735 
63W 
620 
82 2 
9 14 
677 
934 
6 06 
1640 
1269 
1134 
162W 
1528 
1731 
151W 
1208* 
138W 
1820 
233W 
203On 
224W 
248W 
268On 
Ga203 - 80 
In203 - 73 
Sn02 - 62 
ZnO - 75 
A1203 - 125 
MgO - 135 
Ag20 - 2 
CdO - 55 
N i O  - 50 
cu20 - 35 
A ~ 2 0 3  +39 
Be0 - 137 
v203 - 93 
0 
Fe304 - 6 1  M 
Hf02 - 126 
Ti0  - 117 
2 9  - 124 
PtO - 10 
Ta205 - 90 
NbO - 90 
Moo2 - 60 
ReoZ - 45 
W02 - 62 
*Estimated 
Elements are ranked where p o s s i b l e  i n  order  of decreas ing  
s o l u b i l i t y  i n  ga l l ium 
TABLE I 
METAL PROWRTIES CONSIDERED POTENTIALLY RELEVANT TO ATTACK BY LIQUID GALLIUM 
. ~ - ... . . . _.,... . .. . . .  . _ _ I _  . ., - .  
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3 . 1 . 2  Alloy Attack 
3 . 1 . 2 . 1  Alloy Formation 
The aforegoing has  been p r imar i ly  concerned wi th  s o l u t i o n  
a t t a c k  l i k e l y  t o  be one o f  t h e  most severe corrosion mechanisms i n  l i q u i d  
gal l ium, Formation of s o l i d  so lu t ions  o r  d i r e c t  a l l o y  a t t a c k  is  probably 
less of a problem, but i t  i s  i n t e r e s t i n g  t o  relate t h e  s o l i d  s o l u t i o n  t o  
t h e  l i q u i d  so lu t ion .  Hildebrand'') has attempted t o  apply l i q u i d  so lu t ion  
theory t o  s o l i d  so lu t ion  and possibly some r e l a t i o n s h i p  can be e s t ab l i shed  
i n  the  o t h e r  d i r e c t i o n  by applying t h e  semi-empirical r u l e s  produced by 
Hume-Rothery. 
e x i s t s  i n  a l i q u i d  and a c r y s t a l - l i k e  l a t t i c e  is r e t a ined  i n  which r ap id  
thermal motion of t h e  molecules has b lur red  and d i s t o r t e d  t h e  r e g u l a r i t y  
of the c r y s t a l  l a t t i ce .  
This is v a l i d  i f  w e  accept  t h e  t e n e t  t h a t  s h o r t  range o rde r  
3 . 1 . 2 . 2  Factors  Affect ing Alloying and Solrd Solut ion Formation 
Based upon t h e  Hume-Rothery r u l e s ,  t he re  a r e  a number of f a c t o r s  
which can e f f e c t  t he  s o l i d  s o l u t i o n  formation o f  i n t e r m e t a l l i c  compounds: 
1. S ize  Factor  
The s i z e  f a c t o r  p r i n c i p l e  simply states t h a t  i f  t h e  atomic diam- 
eters of two metals d i f f e r  by less than 1 5  percent ,  t he  s i z e  f a c t o r  i s  
favorable  and formation of a s o l i d  so lu t ion  is poss ib le  in terms of s i z e .  
I n  poin t  of f a c t ,  t h i s  is  a bas i c  general  r u l e  but  problems are encountered 
when applying it t o  gall ium s ince  interatomic d is tances  i n  t h e  gal l ium 
c r y s t a l  are of two values because of an orthorhombic c r y s t a l  s t r u c t u r e .  
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2 .  Crys ta l  S t ruc tu re  
From the  aspec ts  of c r y s t a l  s t r u c t u r e ,  complete s o l i d  
s o l u b i l i t y  never occurs unless  both metals have t h e  same c r y s t a l  
s t r u c t u r e .  However, t h i s  f a c t o r  by no means prevents a l loy ing  but does 
l i m i t  t h e  s o l u b i l i t y .  
3 .  Electrochemical Series 
The g rea t e r  the separa t ion  of two metals i n  the  electrochemical 
s e r i e s ,  the  g r e a t e r  is  t h e  tendency towards r e s t r i c t e d  s o l i d  so lu t ion  
ranges and the formation of i n t e r m e t a l l i c  compounds. 
4 .  Valency 
Relat ive valency i s  a l s o  very s i g n i f i c a n t .  Metals with lower 
va lenc ies  tend t o  d i s so lve  metals of high va lenc ie s .  A higher  valency 
metal w i l l  genera l ly  be a poor so lvent  f o r  a lower valency metal ,  Theor- 
e t i c a l l y ,  the e l ec t rode  material se l ec t ed  f o r  the  s l i p  r ing  should be a 
metal with high valency compared t o  gall ium. 
5. Melting Point  
S o l u b i l i t y  is g r e a t e r  i n  those metals f o r  which the melt ing point 
i s  lower. 
3.1.3 Electrode Material Preference 
It would seem, therefore ,  from a l loy ing  theory alone,  t h a t  by 
0 
s e l e c t i n g  a metal with an atomic diameter g rea t e r  than 3 . 2 A  or  less than 
2.4A0 ( t h a t  is  d i f f e r i n g  from t h e  l a t t i c e  parameter of g a l l i u m ,  taken as  
2.82A by more than 15%), a po ten t i a l  widely d i f f e r e n t  from the po ten t i a l  of 
gall ium (-1-0.52V) and a valency other  than  t h r e e ,  then t h i s  element should 
0 
1 
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(from s o l i d  so lu t ion  cons idera t ions  only)  be r e s i s t a n t  t o  a t t a c k ,  It is 
not  d i f f i c u l t  t o  test  t h i s  theory.  Table 1 l is ts  a series of metals  whose 
behavior i n  gal l ium has been s tud ied .  Atomic rad ius ,  considered one of  t he  
major f a c t o r s  i n  s u b s t i t u t i o n a l  a l loy ing  does show some s l i g h t  s ign i f i cance  
when a l l o y s  sub jec t  t o  a t t a c k  are graded by r e l a t i v e  s o l u b i l i t y  (Table 1 ) .  
There appears ,  however, t o  be no s ign i f i cance  whatsoever i n  atomic rad ius  
a s  appl ied  t o  the  metals r e s i s t a n t  t o  ga l l ium a t t a c k ;  W ,  Mo, Nb, Z r  and T i  
a l l  have atomic r a d i i  w e l l  w i th in  t h e  range s u i t a b l e  f o r  a l loy ing .  
course,  t h i s  poor c o r r e l a t i o n  ha rd ly  i s  su rp r i s ing ,  atomic r a d i i  and s i z e  
f a c t o r  only become important i n  t h e  p rec i se  c r y s t a l  l a t t i c e  of a s o l i d  
so lu t ion ,  l i q u i d  so lu t ions  with t h e i r  vague expanded l a t t i c e  could be 
expected t o  accommodate d i f f e rences  i n  atomic s i z e .  Other f a c t o r s  
mentioned a t  t h e  s ta r t  of t h i s  d i scuss ion  would be expected t o  hold g rea t e r  
s ign i f i cance .  For example, c r y s t a l  type and in te ra tomic  binding forces .  
I n  f a c t ,  Table 1 does suggest  t h a t  some b a s i s  f o r  s e l e c t i o n  e x i s t s  i n  con- 
s i d e r a t i o n  of c r y s t a l  l a t t i c e ,  valency and mel t ing  po in t .  The c l o s e l y  
r e l a t e d  hea ts  of vapor i za t ion  a l r eady  have been discussed and t h e i r  importance 
expressed i n  l i q u i d  so lu t ion  theory i n  terms of  s o l u b i l i t y  parameters .  
Close packed s t r u c t u r e s ,  f c c ,  cph, appear more suscep t ib l e  t o  a t t a c k  than  
body centered cubic  s t r u c t u r e s ,  Note: Indium has a d i s t o r t e d  face centered 
t e t r agona l  s t r u c t u r e ,  c lose ly  r e l a t e d  t o  t h e  f ace  centered cubic .  Higher 
valency metals are r e s i s t a n t  t o  a t t a c k ,  A l l  parameters i n t e r a c t ,  of course,  
but  s e l e c t i o n  of a metal w i th  t h e  p re fe r r ed  parameters should r e s u l t  i n  an 
acceptable  e l ec t rode  material. For example, cons idera t ion  of mel t ing point  
a lone  would not  i n d i c a t e  t h a t  X i r o n  ( t h a t  i s , f c c  s t a i n l e s s  s t e e l )  w a s  any 
Of 
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less acceptable  than CY i ron  (pure i ron ,  bcc low carbon steel, o r  a 
f e r r i t i c  s t a i n l e s s  steel)  ye t  considerat ions of t he  c r y s t a l  s t r u c t u r e  ind ica t e  
t h a t  t h i s  i s  i n  f a c t  so. 
A s e l e c t i o n  made on the  b a s i s  of  the  above f ac to r s  g ives  the  
following materials i n  order  of preference: 
Carbon 
Tungsten 
Rhenium 
Molybdenum 
Nio b lum 
Tantalum 
Vanadium 
cy I r o n  
Hafnium 
Titanium 
Zirconium 
P l a t  inum 
It should be noted t h a t  t he  mater ia l s  towards the  lower end of t h e  l ist  
are given poor r a t i n g s  i n  the  Liquid Metals Handbook. Unfortunately,  
t h e  p rec i se  condi t ions of tes t  are not  given and have not y e t  been 
obtained; of course,  these  mater ia l s  a r e  no t  expected to  be a s  r e s i s t a n t  
as tungsten o r  rhenium, never the less ,  appreciable  r e s i s t ance  would be 
expected, Although some conclusions have been reached, the da ta  i s  
l a rge ly  empir ical  and exceptions are very prone t o  occur (consider bcc 
platinum and vanadium). 
da t a  on gal l ium a t t ack  and examine cor ros ion  r a t e s  c i t e d  by o ther  workers 
i n  t h i s  f i e l d .  
It is  the re fo re  necessary t o  eva lua te  e x i s t i n g  
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A q u i t e  comprehensive l i t e r a t u r e  survey was made t o  c o r r e l a t e  
da t a  on gal l ium a t t a c k .  Unfortunately,  r e s u l t s .  are o f t e n  vague and 
cont rad ic tory ,  o f t e n  expressed merely as "poor res is tance",  "good 
res i s tance" ,  e t c ,  I n  addi t ion ,  researchers  have normally been concerned 
with gal l ium a t  f a i r l y  high temperatures of t e s t i n g .  A t  t h e  comparatively 
low temperatures w e  are concerned wi th ,  a wide range of materials are 
probably s u i t a b l e .  However, l i terature  ( p a r t i c u l a r l y  references 2 ,  3,  4 
and 5)  does show graphi te ,  tungsten,  tantalum, molybdenum and columbium 
t o  be r e s i s t a n t  t o  gall ium i n  the temperature range w e  a r e  consider ing.  
Evaluation of materials then from both theory,  l i t e r a t u r e  and 
equi l ibr ium diagrams ind ica t e  t h a t  t he  following ma te r i a l s  would be 
s u i t a b l e  f o r  t he  present  appl ica t ion :  
P r i m e  Carbon 
Tungs ten  
Rhenium 
Molybdenum 
Niobium 
S ec ondar y 
-1 Tantalum 
i 
Vanadium 
a I ron  
Hafnium 
Titanium 
Zircon ium 
Anticipated decreasing 
r e s i s t ance  t o  a t t a c k .  
Anticipated decreasing 
r e s i s t ance  t o  a t t a c k .  
Platinum i 
I n  s e l e c t i n g  materials t o  be t e s t ed ,  i t  seemed sens ib l e  t o  choose not 
only materials with optimum p o t e n t i a l  f o r  gall ium re s i s t ance ,  bu t  a l s o  
some materials apparent ly  less s u i t a b l e  i n  t h i s  category y e t  advantageous 
i n  o the r  ways. For example, f ab r i ca t ion ,  a v a i l a b i l i t y ,  expense should be 
considered. Low carbon steel  or  f e r r i t i c  s t a i n l e s s  steel ,  f o r  instance,  
may be adequate a t  t h e  low temperatures with which w e  are concerned. 
The s i x  se l ec t ed  materials based on these  c r i t e r i a  would be: 
Graphite 
Tungs t e n  
Rhenium 
Molybdenum 
F e r r i t i c  i r o n  
T i t  an ium 
Note: There are ind ica t ions  i n  the l i t e r a t u r e  t h a t  beryll ium would be 
r e s i s t a n t  t o  gall ium. 
appear e s p e c i a l l y  promising, but  Hansen, equi l ibr ium diagram data,  s t a t e s  
t h a t  "at 6OO0C, B e  d isso lves  i n  gal l ium t o  the  ex ten t  of 4 ppm. However, 
gall ium d i f fuses  i n t o  t h e  B e  t o  form a r eac t ion  zone, probably a p ro tec t ive  
compound". The f i n a l  r a t i o n a l e  and s e l e c t i o n  of ma te r i a l s  i s  discussed 
i n  Sect ions 3 . 2 ,  Liquid Metal, and 3 . 3 ,  Electrode Mater ia l .  
Beryllium from t h e o r e t i c a l  s tandpoints  does not 
3 . 1 . 4  Resistance o f  Meta l l ic  Oxide t o  Gallium Attack 
Up t o  t h i s  po in t ,  w e  have considered e l ec t rode  mater ia l s  so l e ly  
as a funct ion of t h e  r e s i s t a n c e  of t he  metal i t s e l f ,  another approach is  
f eas ib l e :  cons idera t ion  of t he  s t a b i l i t y  of t h e  metal  oxide f i lm and i t s  
r e s i s t a n c e  t o  gal l ium. A completely new spec t r a  of  elements then becomes 
ava i l ab le .  The uncer ta in ty  of t h i s  method of p ro tec t ion ,  p a r t i c u l a r l y  i n  a 
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non-oxygen environment renders t h i s  approach quest ionable  e It is perhaps 
more r e l evan t ,  a t  least i n  t h e  case of corrosion tests to  take the nega- 
t i v e  approach and determine whether non-adherent oxide f i lms are l i k e l y  
t o  form on the s e l e c t e d  e l ec t rode  materials. Along with the oxide f i lms 
should be considered o the r  fi lms: carbides ,  n i t r i d e s ,  sulphides .  I f  w e  
t ake  the most common su r face  f i lm,  oxide, which has been found t o  be 
p a r t i c u l a r l y  se r ious  i n  a l k a l i  metal systems, then i f  the  f i l m  is  
tenacious,  a t t a c k  i s  retarded.  I f ,  however, the f i l m  i s  removed e i t h e r  
by i t s  own l a c k  of adherence or by a f luxing a c t i o n  of the l i q u i d ,  metal 
o r  o the r  oxides,  then a continuous a t t a c k  mechanism e x i s t s  which would no t  
be ind ica t ed  by previous c rys t a l log raph ic  considerat ions.  
i n  f a c t  becomes somewhat complex, depending on the  f r e e  energies  of formation 
whick show t h a t  oxide f i lms cannot be r e l i e d  on as p r o t e c t i v e  mechanisms, 
a t  least from a s t ra ightforward considerat ion of thermodynamics, and 
The s i t u a t i o n  
oxide s t a b i l i t y .  A 1  0 has a f r e e  energy of 2 3  
atom compared t o  gall ium -80 Kcal/gram-atom, 
be expected t o  form i n  preference t o  G a  0 
€omat ion  a t  25OC f o r  the most s t a b l e  oxides 
i n  Table 1. 
2 3 "  
formation of -125 KCal/gram- 
aluminum oxide would the re fo re  
Approximate f r e e  energies  of 
of c e r t a i n  metals are shown 
3 . 1 . 5  Consideration of Wetting C h a r a c t e r i s t i c s  
A l l  so l id - l iqu id  systems showing e i t h e r  i n t e r m e t a l l i c  compound 
formation o r  s o l u b i l i t y  of  t h e  1 iquid i n  the s o l i d  show wett ing,  i .e. , low 
contact  angle tending t o  zero.  
e s s e n t i a l l y  non-reactive a t  the  temperature of t e s t i n g  do n o t  w e t ,  i a e . 9  
the con tac t  angle approaches 180°. Systems showing r e s t r i c t e d  s o l u b i l i t y  of 
the s o l i d  i n  the  l i q u i d  f a l l  i n  between the  above ca t egor i e s  some l imi t ed  
wet t ing  takes  p l ace ,  wi th  a contact  angle  > 0' < 180'. 
Liquid-solid metal systems which are 
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It i s  c l e a r  from t h i s ,  t h a t  formation of a t r a n s i t i o n  phase 
e i t h e r  s o l i d  s o l u t i o n  or  i n t e r m e t a l l i c  reduces so l id - l iqu id  i n t e r f a c i a l  
tension, i n  o the r  words, “corrosion” i s  accompanied by wet t ing.  Unfor - 
t una te ly ,  this cannot be used as a simple guidel ine i n  t h e  choice of 
materials. A m e t a l  which i s  wetted by gall ium i s  not necessa r i ly  corroded 
by it. However, i t  seems reasonable t o  assume t h a t  i n  t h e  absence of 
wet t ing,  corrosion w i l l  not t ake  place s i n c e  oxide-free gall ium does not 
w e t  any su r face  u n t i l  t h e  onset  o f  a l loy ing  o r  chemical react ion.  
This approach is  v a l i d  not only f o r  general  so lu t ion  o r  corrosion 
but  a l s o  in t e rg ranu la r  pene t r a t ion  s i n c e  a low-interfacial  tens ion f a c i l i t a t e s  
the  spread of the l i q u i d  metal around the s o l i d  metal gra ins .  
I n  t h e  choice of e l e c t r o d e  material, t he re fo re ,  i t  is reasonable 
t o  s e l e c t  a m e t a l  which is not wetted by gallium, i . e . ,  has a high contact 
angle where con tac t  angle is given by: 
e ’ ”  contact  angle 
oSG = so 1 id -gas i n t e r  f ac ia  1 tens i o n  
OSL = s o l i d - l i q u i d  i n t e r f a c i a l  tension 
oLG 1 iquid -gas i n t e r f a c i a l  t ens ion  
Unfortunately,  values  f o r  the  magnitude of the  above fo rces  
f o r  l i q u i d  gal l ium/sol id  metal/gas systems a r e  not  r ead i ly  a v a i l a b l e  t o  
enable p r e c i s e  c a l c u l a t i o n  of contact  angles* but an ind ica t ion  of the  
~ 
* Recent work by A .  V. Grosse (J. Inorg Nucl Chem. 1962 V o l .  24) i n d i -  
c a t e s  t h a t  values  f o r  su r face  t ens ion  can be obtained by a r e l a t i o n s h i p  
between su r face  tension ( o ) ~  su r face  energy (oA) of a l i q u i d  metal, and 
i t s  c r i t i c a l  temperature (Tc) and atomic volume (V ). The r e l a t i o n s h i p  
is  expressed as: A 
oAo = o:VA 2/3 0.64 (ergs/gramme a t ~ m ~ / ~ / T c  (inOK) 
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contact  angle i n  seve ra l  systems can be obtained s i n c e  from t h e  
equation above, i t  is  seen t h a t  f o r  a given s o l i d ,  a high contact  angle  
is  favored by a high s o l i d - l i q u i d  i n t e r f a c i a l  tension (oLS) and by a high 
l i qu id /gas  tens ion (oLG). 
Values f o r  oLG are a v a i l a b l e  from t h e  l i t e r a t u r e  and oLS values  have 
been found t o  be  of the same order  o f  magnitude t o  l i q u i d  metal gas tension 
(Ref. 14, p .  401). Both these values  increase progressively i n  r e l a t i o n  
t o  inc rease  i n  melting point  (Ref. 14, p. 403); however, the  value oLS 
above r e f e r s  t o  a s o l i d  metal  i n  con tac t  with i t s  own l i q u i d  metal. The 
i n t e r f a c i a l  tension between a s o l i d  and a l i q u i d  can be  considered as a 
measure of the  thermodynamic d i s p a r i t y  between the  two phases. 
t h i s  d i f f e rence ,  the lower the magnitude of the  i n t e r f a c i a l  t ens ion ,  I n  
o the r  words, the i n t e r f a c i a l  tension w i l l  be a minimum f o r  a s o l i d  metal i n  
contact  with i t s  own l i q u i d ,  s i m i l a r l y ,  i n  metals wi th  low mutual s o l u b i l i t y ,  
the  i n t e r f a c i a l  energy w i l l  tend towards maximum. 
The smaller 
Thus, w e  have a f u r t h e r  i n d i c a t i o n  t h a t  high melting point  metals 
are p re fe rab le  i n  t h e  s e l e c t i o n  of e l ec t rode  materials. 
admitted t h a t  up t o  t h i s  t i m e ,  t h e  con t r ibu t ion  of a f f e c t  o f  i n t e r f a c i a l  
chemical r eac t ions ,  adsorbed gases and f i l m  formation have been ignored. 
It is very possible  i n  t h i s  type o f  work t o  ob ta in  p r a c t i c a l l y  a value f o r  
con tac t  angle which i n  f a c t  represents  a value for  t h e  l i q u i d  metal-oxide, 
p o t e n t i a l l y  far d i f f e r e n t  from the  l i q u i d  metal-solid metal contact  
angle .  
It must be 
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There are two considerat ions here: i n  vacuum, where t h e  s l i p  
r ing  assembly w i l l  be employed, an oxide f i lm  on t h e  e l ec t rode  ma te r i a l  
may w e l l  be removed e i t h e r  by abrasion,  hea t ing  in  a con t ro l l ed  atmos- 
phere,  o r  i n  the  case of adsorbed gases ,  by outgassing.  I n  the  absence of 
oxygen, replenishment cannot take p lace ,  wet t ing  may then occur.  However, 
i n  such circumstances removal of t he  gal l ium oxide f i lm  is a l s o  l i k e l y  and 
as w a s  pointed out  previously,  i n  the absence of t h e  gal l ium oxide, t he  
s o l i d  m e t a l  i s  not  wet ted unless  some form of a l loy ing  occurs.  
It i s  obviously preferab le ,  however, t o  eva lua te  a system on t h e  
bas i s  of l i q u i d  meta l - so l id  metal i n t e r f a c i a l  t ens ion  excluding a l l  oxides , 
s ince  t h i s  i s  the  more s t a b l e  s t a t e  f o r  our app l i ca t ion .  
The a f f e c t  o f  i n t e r f a c i a l  r eac t ions  has  another  i n t e r e s t i n g  
We have es tab l i shed  t h a t  f a c e t  which can be discussed only b r i e f l y  here .  
from the  aspec t  of  corrosion,  non-wetting is  p re fe rab le .  Should i t  be d i s -  
covered, however, t h a t  wet t ing  i s  advantageous f o r  another  reason, e . g . ,  
i n t e r f a c e  r e s i s t i v i t y ,  then i t  i s  probable t h a t  a s m a l l  percentage add i t ion  
of another  element t o  the  gal l ium would produce a t r a n s i t i o n  zone and 
f a c i l i t a t e  wet t ing.  For example, Kurkj ian and Kingery (1955) showed t h a t  
small add i t ions  of chromium and t i t an ium to a l i q u i d  n i cke l  s o l i d  A1 0 
system s i g n i f i c a n t l y  lowered t h e  i n t e r f a c i a l  tension even though chromium 
and n i c k e l  have higher  sur face  tens ions .  It i s  thought t h a t  t h i s  decrease 
i n  t ens ion  is  the  r e s u l t  of s o l u t e  atom (M) t r a n s f e r  from the  bulk of t h e  
l i q u i d  t o  t h e  i n t e r f a c e  wi th  t h e  formation of M-0 bonds. 
2 3  
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and 
Mxoy K being equal t o  
(MIX (0lY 
The .free energy change f o r  t h i s  chemisorption being d i r e c t l y  
r e l a t e d  t o  the  s tandard f r e e  energ ies  f o r  formation of t h e  oxides ,  Mater ia l s  
forming oxides more s t a b l e  than t h e  so lvent  ( i n  the  case of n i cke l )  are 
adsorbed a t  the  i n t e r f a c e  and lower the tens ion .  Of p a r t i c u l a r  i n t e r e s t  
i n  t h i s  respec t  i s  the  work performed by A .  J. Neval, General E l e c t r i c  
(Ref. 2 ) ,  on mercury where add i t ion  of t i t an ium and magnesium resu l t ed  i n  
g r e a t l y  reduced rates of a t t a c k  even on low carbon steel .  
3.2  LIQUID METAL 
The primary candidate l i q u i d  metal w a s  pure gall ium because of 
-3 6 i t s  low vapor pressure ,  approximately 10 mm€ig, and i t s  l o w  melt ing 
temperature,  29.8OC. Mercury, which i s  a more comon ma te r i a l  than gall ium 
and l e s s  cos t ly ,  i s  unsa t i s f ac to ry  because of  i t s  higher  vapor pressure ,  
loe3 mmHg, which would r e s u l t  i n  excessive evaporation i n  a space environ- 
ment of t h e  magnitude of 1000 grams per square centimeter of exposed su r face  
per  year .  
Consideration w a s  given t o  the  use  of a l loys  of gall ium, such a s  
g a l  1 ium-ind ium , ga l  1 ium-indium- t i n ,  and ga 11 ium-lead -bismuth , which have 
lower melting temperatures than  pure gall ium. However, t hese  a l l o y s  a r e  
much more complex me ta l lu rg ica l ly  and d i d  no t  present  any apparent advantage 
over gall ium. 
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Gallium i s  ava i l ab le  i n  varying degrees of p u r i t y  ranging 
from 99.9% t o  99.9999% pure.  
d i f f e r e n t i a l  and the  advantages of having the  h ighes t  p u r i t y  poss ib l e ,  
the 99.9999%, "Semiconductor Grade" w a s  used. 
w a s  given by Alcoa f o r  t h e  impurity conten t  of t h i s  grade of gal l ium. 
Table 3 l i s t s  t h e  genera l  physical  p rope r t i e s  of gal l ium with mercury 
as a comparison. 
Because of t h e  r e l a t i v e l y  small p r i c e  
The d a t a  i n  Table 2 
Impurity 
S i l v e r  
Aluminum 
Calcium 
Cadmium 
Chromium 
Copper 
I r o n  
Mercury 
Magnes ium 
Manganese 
Molybdenum 
Nicke 1 
Lead 
S i l i c o n  
T in  
Titanium 
Vanadium 
TABLE 2 .  
IMPURITIES I N  99.9999% PURE GALLIUM 
Maximum Amount 
(ppm, by spectrographic  methods ) 
.01 
. 3  
. 3  
. 3  
(5  1 
.03 
.1 
. 3  
.003 (est imated)  
.03 
( . 5 )  
( 3 . 0 )  
. 3  
.1 
. 3  
( 3  .o>  
( . 5 )  
2 inc  (1 .o>  
Sodium .03 
Values i n  parentheses  based on tes ts  run i n  1959; o ther  va lues  based on 
newer t es t  techniques.  
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TABLE 3. 
PHYSICAL PROPERTIES OF GALLIUM & MERCURY 
Gallium 
31 
69.7 
Mercury 
80 
200.6 
Atomic number 
Atomic weight 
29.8OC (85.6'F) -38.9OC 
2403% 3570c 
Melting po in t  
Boi l ing point  1 
Spec i f i c  g r a v i t y  (g/ml) 
So l id  
Liquid 
5 904 (29.6'C 
6,095 (29.8OC) 
5.095 (301OC) 
4 
13.6 
Expansion of s o l i d i f i c a t i o n  3.2% 
Volume c o e f f i c i e n t  of them-a1 
expans ion  
Sol id  ( 0  t o  3OoC) 
Liquid ( 100°C) 
5.8 
12.0 
Vapor p re s su re  (mmHg) 
3 O°C 
6 OO°C 
8OO0C 
-36 
M 10 
4,4 10-9 
5.9 x 10-6 
1.6 (97.7OC) 
735 
-3 
M 1 0  
1 .5  
470 
Vi scos i ty  ( cen t ipo i se s )  
Surface tension (dynesjcm) 
Volume r e s i s t i v i t y  (microhms -cm)  
Liquid 25.2 (OOC) 94.1 (OOC) 
25.6 (20OC) 
26.0 (40oC) 
C -axis A-axis B-axis 
48.0 15.4 7.2 
54.3 17.4 8.1 
Sol id  
ooc 
29 a 7OC 
Crys t a l  s t r u c t u r e  
Spec i f i c  hea t  (cal/goC) 
0 t o  24OC (go l id )  
12.5 t o  200 C ( l i q u i d )  
Heat o f  fus ion  ( ca l /g )  
Gallium p u r i t y  a v a i l a b l e  
Toxici ty  
O r  thohomb i c  
0.089 
0.095 
19.2 
99.9 t o  99.9999% 
Nontoxic 
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The major disadvantage of gall ium i s  t h a t  i t  is  a r e l a t i v e l y  
r eac t ive  material, e spec ia l ly  a t  h igh  (severa l  hundred degrees cent igrade)  
temperatures.  This means t h a t  ca re  must be exercised i n  s e l e c t i n g  the  
mater ia l s  t h a t  w i l l  be i n  contac t  with i t .  Fortunately,  the  s l i p  r ing  w i l l  
operate  a t  lower temperatures where the r a t e  of reac t ion  is  s u b s t a n t i a l l y  
less and can be accommodated. Two bas ic  problems r e s u l t  from gal l ium 
a t tack:  t he  f i r s t  is  t h e  des t ruc t ion  of t h e  mater ia l  from gross  a t t a c k ,  
and the second, more important,  even s l i g h t  amounts o f  dissolved foreign 
ma te r i a l  i n  gal l ium can r e s u l t  i n  a s u b s t a n t i a l  increase in  the melting 
temperature. 
on the s l i p  r ings  and the increase  i n  melting temperature can cause the  s l i p  
r i n g  t o  f r eeze  up, lock,  and prevent r o t a t i o n .  
This has se r ious  implicat ions s ince  a 5-year l i f e  i s  des i red  
3.3  ELECTRODE MATERIAL 
The s e l e c t i o n  of e l ec t rode  mater ia l  f o r  the  l iqu id  metal  s l i p  . 
r i n g  is very  c r i t i c a l  s ince  t h e  e lec t rodes  perform two bas ic  functions; con- 
t a in ing  t h e  gal l ium and providing a path f o r  cu r ren t  flow. The e l ec t rode  
mater ia l  must be chemically and meta l lurg ica l ly  compatible with gall ium and 
must have a low e l e c t r i c a l  i n t e r f a c e  r e s i s t ance  with gal l ium. The wetting 
c h a r a c t e r i s t i c s  of the e l ec t rode  wi th  gal l ium must not change with time s ince  
t h i s  w i l l  e f f e c t  the r e t a in ing  fo rces  of the  gall ium. 
There are two ca tegor ies  of e l ec t rode  ma te r i a l s ,  non-reactive 
and r e a c t i v e  wi th  gal l ium, Non-reactive materials do not r ead i ly  r eac t  with 
gall ium, have a high e l e c t r i c a l  i n t e r f a c e  r e s i s t a n c e ,  and a re  no t  wet by 
gall ium. By c o n t r a s t ,  r e a c t i v e  ma te r i a l s  have a low e l e c t r i c a l  i n t e r f a c e  
r e s i s t ance  and are wetted by gal l ium, Typical non-reactive ma te r i a l s  a r e  
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? 
graphi te ,  carbon, and t h e  r e f r a c t o r y  metals such a s  tungsten,  tantalum, 
and molybdenum; t y p i c a l  r eac t ive  ma te r i a l s  a r e  copper, n icke l  and t i t an ium,  
It should be noted t h a t  the  non-wetting and high i n t e r f a c e  
r e s i s t a n c e  c h a r a c t e r i s t i c s  of the  non-reactive materials of  t he  r e f r ac to ry  
metals group i s  dependent upon the  su r face  oxide which i s  present  on the  
metal. When t h i s  oxide i s  removed from an area, the  material becomes 
wetted i n  t h i s  area and the  e l e c t r i c a l  i n t e r f a c e  r e s i s t ance  becomes lower 
by an order  of magnitude o r  more, 
I n  an electrode-gal l ium system, the re  are a c t u a l l y  two poss ib le  
condi t ions f o r  both the  e l ec t rode  and gal l ium i n t e r f a c e  su r f  aces;  these  
are:  e l ec t rode  su r faces  oxidized and non-oxidized, and gal l ium sur faces  
oxidized and non-oxidized. Clean su r faces  o f  both r e f r a c t o r y  metals and 
gal l ium tend t o  become oxidized very r ap id ly  unless  they a r e  maintained 
i n  an  i n e r t  environment, It may be d i f f i c u l t  t o  a s c e r t a i n  the exact  
sur face  condi t ions which e x i s t  un less  p o s i t i v e  measures are undertaken 
t h a t  w i l l  assure  t h a t  t he  desired su r face  condi t ions e x i s t .  
I n  the  s e l e c t i o n  of e l ec t rode  material, t he re  a r e  o ther  c r i t e r i a  
t o  be considered; these  include such f ac to r s  as f ab r i ca t ion ,  cos t ,  and a v a i l -  
a b i l i t y .  The r e f r ac to ry  metals are comparatively hard to  f a b r i c a t e  and 
tend t o  be expensive. They are, however, r e l a t i v e l y  easy t o  procure.  
Rhenium, which ranks high i n  i t s  r e s i s t ance  t o  gall ium a t t ack ,  is  q u i t e  
expensive and a v a i l a b l e  i n  only small s i z e  p i eces ,  
During t h e  material s e l e c t i o n  phase, the General E l e c t r i c  
Company w a s  d i r ec t ed  t o  l i m i t  i t s  e f f o r t s  t o  t h e  inves t iga t ion  of t he  
non-wetting e l ec t rode  ma te r i a l s .  Based on such f ac to r s  a s  compat ib i l i ty  
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with gall ium, a v a i l a b i l i t y ,  c o s t  and adap tab i l i t y  t o  t h e  design and 
f a b r i c a t i o n  of an engineering test model s l i p  r ing ,  the following 
e l ec t rode  materials were the re fo re  selected:  
Graphite 
Tungsten 
Molybdenum 
Niobium 
Tantalum 
Beryl1 ium 
Vendors were contacted t o  determine the c h a r a c t e r i s t i c s ,  
s i z e ,  cos t  and a v a i l a b i l i t y  of the var ious mater ia l s  s e l ec t ed .  On the 
bas i s  of t h i s ,  s p e c i f i c  vendors and ma te r i a l s  were chosen, these  a r e  
enumerated in  Table 4 .  
3.4  INSULATION 
The use of d i e l e c t r i c  ma te r i a l s  i s  required t o  contain the 
gal l ium i n  both s o l i d  and l i q u i d  form and t o  provide e l e c t r i c a l  i n su la t ion  
between e lec t rodes .  
withstand non-operating temperature excursions from -5OOC t o  1 2 O o C .  
withstand long-term d i e l e c t r i c  s t r e s s e s  of from 30 t o  3000 v o l t s  a t  8OoC. 
It should not be wetted by (have a s m a l l  contac t  angle  i n  contac t  wi th)  the  
l i qu id  gall ium. 
The ma te r i a l  must operate  i n  a vacuum a t  80OC and must 
It must 
A l i s t i n g  of pe r t inen t  proper t ies  of var ious candidate  in su la t ing  
materials i s  given i n  Table 5 .  I f  these  ma te r i a l s  a r e  ranked i n  order of 
(1) super ior  e l e c t r i c a l  p rope r t i e s ,  (2) super ior  mechanical p rope r t i e s ,  
(3)  vacuum weight l o s s ,  and ( 4 )  thermal s t a b i l i t y ,  ( 5 )  manufactureabi l i ty ,  
( 6 )  a v a i l a b i l i t y ,  t h e  following l i s t  could be es tab l i shed:  
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i 
Mat e ria 1 
Graphite 
Tungs ten 
Molybdenum 
Niobium 
Tantalum 
i 
Be r y 11 ium 
i 
Vendor 
TABLE 4. 
MATERIAL SELECTION 
Poco Graphite, 
Garland, Texas 
General Electric Co e 
Cleveland, Ohio 
General Electric Co. 
Cleveland, Ohio 
Kawecki -Berylco 
New York, N.Y. 
Kawecki-Berylco 
New York, N.Y. 
Kawecki -Berylco 
New York, N.Y. 
Designat ion and Nominal Composition 
Grade - AXF 54 
Total Impurity - 5ppm 
GE-15, 99.95% Pure, Annealed 
Impurities - ppm 
Iron, Silicon, Aluminum Magnesium 
Al-< 6 Cr-4 Mn< 6 Z r <  3 
Ca-< 3 Ni-10 Mg< 3 Interstial 
Si-< 7 Cu-5 Sn< 6 C< 10 
MO -40 Na -4 Pb< 6 0-15 
Fe-20 K -3 CO< 3 H - 1  
Ti< 6 N-1 
GE-100, 99.95% Pure, Annealed 
Impurities - pprn 
A1-10 Ni-10 Mn-10 Zr-< 10 
Ca-30 Cu-12 Mg-< 10 Interstial 
Si-17 W-100 Sn-lO c-< 10 
Fe -40 Na -8 Pb-< 10 0-20 
Cr -10 K -3 CO-< 8 H-2  
Ti-< 10 N-5 
99.9% Pure, Metallurgical Grade 
1mpuri.ties - % 
Ta - .05 Zr - .001 C < .0025 
Si - ,001 MO - .001 H < ,001 
Fe - ,003 w < .01 N < ,002 
Ti - < .001 B < ,001 0 < .01 
99.9% Pure, Metallurgical Grade 
Impurities - % 
Cb - .006 W - -0025 H - .0002 
Si - .003 Zr - .0005 N - .0025 
Fe - .002 MO - .005 
Ti - .001 C - .0025 
Grade HP 20 
Composition % 
Be - 98.0 Si - 0.08 Mg - -08 
A 1  - 0.15 Be0 - 2 Others - ,04 
Fe - 0.18 C - 0.15 
Proper ty  
ELECTRIC+L: 
Dielectric S t r e n g t h  
Volume R e s i s t i v i t y  
Surface  R e s i s t i v i t y  
“IECHANICAL: 
T e n s i l e  Ultimate 
T e n s i l e  Yie ld  
T e n s i l e  (3 Prop Limit  
T e n s i l e  Modulus 
Elongat ion  
PHYSICAL : 
Dens it y 
Coeff. Therm. .Exp. 
Coeff .  Moist. Exp. 
Vacuum W t .  Loss 
Gallium W e t t a b i l i t y  
Uni t s  
Vol t s / m i l  
Ohm -Cm 
ohms /sq . cm’ 
p s i  
PS i 
p s i  
p s i  
% 
g d c l  
in/in/OF 
i n /  in-%nZO 
PotalJcond. 
$t % i n  24 
m s  e 10-6 
torr 
ASTM 
T e s t  
Method 
D149-61 
D149 -61 
D149-61 
D149 -61 
D257-61 
D257-61 
D257-61 
D257-61 
D257-61 
D257 -61 
D257-61 
D257-61 
~ 6 3 a  
D638 
D638 
D882 -61T 
D882 -61T 
D882 -61T 
D882 -61T 
~ 6 3 a  
D792 
3696 
TABLE 5.  
PROPERTY COMPARISON CHART FOR CANDIDATE SLIP RING INSULATING MATERIALS 
Temp 
OC - 
-5 1 
25 
80 
12 0 
-51 
25 
120 
-51 
a0 
25 
120 
a0 
25 
15 
15 
-5 1 
25 
80 
12 0 
25 
.2 5 
LEW 
700 
2.1x101‘ 
2 . 8 ~ 1 0 ~  
2 . 7 ~ 1 0 ~ ‘  
9500 
8500 
3500 
45000 
04000 
00000 
110 
.20 
.0015 
.06/0.02 
e t s  
TEFLON I 
600 
loL8 
1018 
1016 
1016 
’c 
t 
2 500 -35t 
94000 
59000 
13400 
350 
1.1-2.3 
7 .5x10m5 
1 
1.10/0.0 
Ioes not  
w e t  
Zyt 
Dry 
62 0 
9x1Ol4 
i i a o o  
iiaoo 
t70000 
t l O O O O  
140000 
60000 
60 
. .14 
1 ~ 1 0 - 5  
).0025 
101 
Equi l .  
a t  
50% RH 
62 0 
9x1014 
1x1011 
3x108 
112 00 
8500 
jOO000 
!05000 
60000 
3 00 
aoooo 
I .5a/o.21 
lets 
Z y t e l  
Dry 
62 0 
a500 
8500 
320000 
280000 
70000 
50000 
a5 
1.08 
6 ~ 1 0 - ~  
0.0020 
L 
Squil .  
a t  
50% RH 
52 0 
356 
196 
7x10r4 
3x1010 
tX108 
7100 
7100 
170000 
.60000 
70000 
60000 
220 
. a51 
0.42 
e ts  
PPO 
1 0 ~ 7  
10500 
410000 
390000 
380000 
350000 
25 
1.06 
2 .9~10’  
0 
0.09/ 
0.02 
J e t s  
Del r in  
650 
1015 
1015 
10000 
52 0000 
t40000 
L00000 
25 
i .42 
i .5x10-5 
1.004 
).56/ 
0.06 
NORYL 
1100 
1x1016 
~ ~ 1 0 1 5  
iX1017 
3x1Ol6 
9600 
355000 
190000 
20 
1.06 
, .1x10-~  
lets 
TEFLDN 
15% 
Glass 
1018 
2800-360( 
32 5 
? .22 
3 . 4 ~  LO -5 
- 
TFLON 
FEP 
I O 0  
t 
1016 
1016 
3000 
1700 
4000 
3000 
0800 
300 
.15 
.ox10- 
.02/ 
0.01 
e t s  
I 
h, 
Q\ 
I 
. .. 
. ,  .. . ” _  ... . -. . 
Order of Preference Material 
'i 
a 
I 
i 
I3ZXAN Polycarbonate 
NORM, Mod. Polyphenylene Oxide 
Zytel  101 Polyamide (Nylon 66) 
Teflon 1 Poly te t ra f luoroe thylene  
Delr in  150 Polyace ta l  
TEFLON FEP 
PPO Polyphenylene Oxide 
Zyte l  31 Polyamide (Nylon 610) 
I f  gal l ium non-wettabi l i ty  is  an added requirement,  Teflon 1 is 
t h e  only candidate  in su la t ing  material, This i s  based on experiments with shee t s  
of t hese  p l a s t i c s .  The experiment, which was done on a c lean  bench, cons is ted  
of p lac ing  d rop le t s  of ga l l ium on the  so lvent  (e thanol)  cleaned su r face  of t he  
p l a s t i c s  and v i s u a l l y  observing the  wet t ing a c t i o n .  A s l i g h t  degree of 
adherence was observed a t  room temperature on those p l a s t i c s  t h a t  are con- 
s idered  t o  be wet tab le  by t h e  gal l ium, 
r e t e n t i o n  of por t ions  of t h e  l i q u i d  b a l l  a t  d i s c r e t e  l oca t ions  on t h e  
p l a s t i c  su r face  as t h e  drop w a s  "rol led" over  the  su r face  wi th  a g l a s s  
eyedropper. The p l a s t i c s  (with t h e  except ion of Teflon TFE) were wetted 
when the  end of t h e  eyedropper was immersed i n  the  d rop le t  t o  t he  p l a s t i c  
su r face  and then rubbed on t h e  p l a s t i c ,  If gal l ium w e t s  t h e  p l a s t i c ,  i t  
could conceivably migrate  on the  p l a s t i c  su r face  a f f e c t i n g  the  su r face  
r e s i s t i v i t y  and t h e  e l e c t r i c  breakdown vol tage .  These e f f e c t s  should 
be e s t ab l i shed  by test .  It i s  noted t h a t  t hese  r e s u l t s  c o n f l i c t  w i th  
Quinlan and Vroman (TIS #DF 62SL103, "Current Col lec tors  - Liquid Metals") 
who state t h a t  Nylon is  not w e t t e d  i n  gall ium. The discrepancy might be 
accounted fo r  by the  rubbing a c t i o n  a t  t h e  immersed su r face  which 
Quinlan d id  not do, 
This w a s  evidenced by a momentary 
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3 . 5  GALLIUM -ELECT RODE TE ST CONS I DE RAT IONS 
3 , 5 . 1  G* 
A s tudy was made t o  def ine  the  t e s t i n g  procedure t h a t  would 
be followed t o  determine t h e  c h a r a c t e r i s t i c s  of gall ium and e l ec t rode  
ma te r i a l s .  This procedure and the background philosophy i s  a s  follows: 
Materials w i l l  be se l ec t ed .  Specimens w i l l  be cu t  from shee t  
o r  bar s tock ,  depending on a v a i l a b i l i t y ;  ( a l l  specimens of a l l  ma te r i a l s  
s h a l l  have been formed i n  the  same manner, i . e . ,  r o l l e d ,  drawn, o r  
extruded) a t  t h i s  t i m e  , sheet  appears preferab le  s i n c e  the ac tua l  s l i p  
r i n g  prototype w i l l  probably employ shee t .  I f  shee t  i s  used r o l l i n g  
d i r ec t ions  w i l l  be the same for  a l l  specimens. 
Tenta t ive  Specimen Size - 3/4" x 3/4" x 1/16" 
Specimen s i z e  is very l a r g e l y  d i c t a t e d  by metallographic 
prepara t ion  requirements which c o n f l i c t  with weighing requirements, 
t h a t  i s ,  appreciable  volume but  small  sur face  a rea  for  ' a  metallographic 
specimen ani l a rge  su r face  a rea  t o  volume r a t i o  fo r  weighings. 
I d e n t i f i c a t i o n  - A l l  specimens w i l l  be l e t t e r e d  and numbered 
using a "vibratool" ,  such as tungsten - W19 W2, W 
preserved throughout a 
and t h i s  i d e n t i f i c a t i o n  3 
Annealing - All specimens w i l l  be annealed. The purpose of 
annealing is  two-fold: 
(1) A l l  specimens w i l l  a f t e r  annealing be as near as poss ib le  i n  the 
same condi t ions i r r e s p e c t i v e  of s l i g h t  va r i a t ions  i n  manufacturing 
procedures e 
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Within t h e  l i m i t s  of t h i s  p r o j e c t ' s  budget, stress cor ros ion  
tests,  unfor tuna te ly ,  cannot be performed. Therefore,  stress 
a f f e c t s  w i l l  be avoided both i n  experimental  cel ls  and i n  the  
prototype s l i p  r ing .  Note: A l l  metal components of t h e  s l i p  
r i n g  must be annealed a f t e r  any forming o r  machining opera t ion .  
Surface Preparat ion - Specimens w i l l  be mounted i n  epoxy r e s i n  
i n  t h e  convent ional  metal lographic  manner and ground on 120, 220 g r i t  paper.  
Half the number w i l l  then be f u r t h e r  ground on 320, 400 g r i t  paper and 
f i n a l l y  pol ished.  Stress induced during each s t e p  i n  t h i s  procedure is  
minimal and removed by t h e  succeeding s t e p .  
Pol i sh ing  w i l l  be mechanical 6 micron diamond o r  alumina. 
Electrochemical methods have been considered but are thought 
t o  introduce too many va r i ab le s  a 
Mount Removal - The mounting p l a s t i c  w i l l  be removed and the  
e lec t rodes  cleaned i n  acetone.  
Weighing - After  c leaning specimens w i l l  be weighed on a Mettler 
semimicro balance accura te  t o  t 0.3  mgs. 
C e l l  Setup - The e l ec t rodes  w i l l  be arranged a s  shown i n  F igure  1. 
It seems reasonable  t o  a r r a y  seve ra l  c e l l s  represent ing  similar condi t ions 
i n  one assembly. 
An indiv idua l  c e l l  w i l l  cons i s t  o f  two iden t i ca l  p l a t e s  of the 
e l ec t rode  metal  ( 3 / 4 "  x 3/4" x 1/16") clamped together  with a 0.050" th i ck  
in su la t ing  material a s  s epa ra to r .  Current w i l l  be introduced v i a  the clamps 
as shown i n  Figure 1. Voltage drop across  t h e  c e l l  w i l l  be  measured through 
a sepa ra t e  set  of clamps t o  avoid erroneous readings ,  The i n s u l a t i n g  
ma te r i a l  w i l l  be cu t  i n  t h e  form of  a square U ,  t he  sepa ra t ion  between the  
I 
W 
0 
6 
FIGURE 1 
I .-  - - 
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two p l a t e s .  Teflon being t h e  f i r s t  choice in su la to r .  Clamping of t h e  
p l a t e s  t o  t h e  Teflon prevents  gal l ium leakage, s i n c e  the e l ec t rodes  have 
f l a t  , ground su r  faces .  
Process - Disconnect cur ren t  supply,  e x t r a c t  gal l ium i f  l i q u i d  
by p i p e t t e  and submit f o r  ana lys i s .  
Disassemble a Treat each c e l l  i nd iv idua l ly  as follows: Remove adhering 
I f  s o l i d ,  i t  w i l l  have t o  peeled o f f .  
gal l ium. This i s  a r e l a t i v e l y  unknown area. I n  some cases, it is hoped 
ga l l ium w i l l  not adhere a t  a l l ,  i n  o the r s  blowing with i n e r t  gas under 
pressure  w i l l ,  i t  is hoped, remove loose ly  adherent gal l ium, Strongly 
adherent  gall ium, i . e . ,  an  a l l o y  l aye r ,  w i l l  not be removed u n t i l  a f t e r  the 
f i r s t  weighing, Then by peel ing or by d i s s o l u t i o n  i n  KoH o r ,  i f  necessary,  
by r a i s i n g  t h e  temperature and removing with a s o f t  c l o t h ,  The e l ec t rode  
should then be reweighed. 
Visual  & Metallographic Examination - All specimens l o w  
power (30X) examination. Highly pol ished specimens (200X) and g r e a t e r ,  A l l  
specimens w i l l  be photographed. Items of s p e c i a l  i n t e r e s t ,  e .g . ,  l oca l i zed  
a t t a c k ,  i n t e rg ranu la r  cor ros ion ,  e tc . ,  w i l l  be photographed a t  var ious  magnifi-  
c a t i o n s  e 
Sect ioning and Examination . A l l  specimens from the  maximum 
exposure series w i l l  i n  add i t ion  t o  the  above be sect ioned and examined micro- 
s cop ica l ly .  Sect ion loca t ion  and method w i l l  be determined by the  r e s u l t s  of 
the exposued su r face  microscopical examination, 
P o t e n t i a l  Problem Areas 
(1 1 Weighings - I n  view of t h e  requirement t o  d e t e c t  very low 
cor ros ion  rates,  hence over a th ree  of four  month per iod very  
small weight changes, t h e  specimen a r e a  i s  c r i t i ca l ;  i d e a l l y  
specimens should have a s  l a r g e  a sur face  a rea  t o  volume r a t i o  a s  
poss ib l e ,  However, t h i s  i s  i n  con t r ad ic t ion  t o  the requirements 
fo r  metallography. A t  the present  t i m e  a compromise is being 
made using specimens 1/16" th i ck ,  t h a t  i s ,  th icker  than optimum 
f o r  weighing purposes but  th inner  than  optimum for  metallography. 
Gallium removal from e l ec t rodes  without causing erroneous weight 
change. This area has a l ready  been discussed and methods f o r  
gal l ium removal descr ibed.  However, i t  s t i l l  remains a p o t e n t i a l  
source of t rouble .  
Preparat ion of r e f r a c t o r y  metal specimens, 
(2 1 
(3 1 
3.5.2 Gallium Liquid Metal Corrosion T e s t s  
Corrosion o r  a t t ack  by l i q u i d  metals can involve any of t he  
following r eac t ions  : 
(1) Disso lu t ive  Corrosion 
( a . )  
(b . )  Alloying of l i q u i d  metal with s o l i d  metal (includes 
Disso lu t ion  of s o l i d  m e t a l  by l i q u i d  m e t a l .  
d i f fus ion  and formation of  i n t e r m e t a l l i c s ) .  
( c . )  Mass t r a n s f e r  ( i o n ) .  
( d e )  Temperature grad ien t  mass t r a n s f e r .  
I n t e r s t i t i a l  Alloying 
( a . )  Liquid metal impur i t ies .  
(b .) Solid metal impuri t ies*,  
(3  1 St re s s  Corrosion 
1 
From the above r eac t ions ,  it can be seen t h a t  l i qu id  metal a t t ack  
involves more than simple a l loy ing ;  however, a l loy ing  is c e r t a i n l y  a l a rge  
p a r t  of the  r eac t ion  and a cons idera t ion  of the parameters r e l a t i v e  t o  
a l loy ing  i s  important.  
9~ Presence of 0, N o r  C g r e a t l y  increase  a t t a c k  by molten L i .  
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S u b s t i t u t i o n a l  Alloying 
Necessary condi t ions  
a , )  
b. ) 
c . )  
I n t e r s t i t i a l  Alloying 
The formation of a s o l i d  s o l u t i o n  takes p lace  among l a r g e  
atomic r a d i i  t r a n s i t i o n  metals  when t h e  r a t i o  of t h e  i n t e r s t i t i a l  
atom t o  t h a t  of t h e  so lvent  is  less than 0.59. 
Atomic r a d i i  should n o t  d i f f e r  by g r e a t e r  t han  15%. 
Metals should have similar c r y s t a l  s t r u c t u r e s  e 
Metals should have similar l o w  melt ing po in t s ,  
None of t h e  above parameters take  i n t o  cons idera t ion  the  a f f e c t  
of su r f ace  f i l m  which may, a t  tk temperatures w e  are consider ing,  be a prime 
p r o t e c t i v e  mechanism on one hand; yet ,  a s e r ious  impediment t o  cur ren t  flow 
on t h e  o the r .  
Corrosion Tests 
The co r ros ion  tes t  r e s u l t s  w i l l  be influenced by t h e  following: 
1. Chemical composition - gallium and e l ec t rodes .  
2 .  Specimen s i z e  and shape,  
3 .  Fabr ica t ion  and metal h i s t o r y .  
4 .  Surf ace t reatment  and f i n i s h  e 
5. Number of specimens t e s t e d .  
6 ,  Duration. 
I n  add i t ion ,  o ther  parameters w i l l  be introduced.  
1, Current dens i ty .  
2 .  Po l a  r i  t y 
3 .  Temperature. 
-34 
1. No a t t a c k  
S l igh t  a t t a c k  a t  s tar t  slowing down with t i m e  
Heavy a t t a c k  a t  s t a r t  slowing down with t i m e  
Continuous heavy a t t a c k  
Continuous s l i g h t  a t t ack  
S l igh t  a t t a c k  a t  s tar t  increas ing  r a t e  with time 
Heavy a t t ack  a t  s t a r t  increasing r a t e  with t i m e  
P o s s i b i l i t i e s  
7 .  
Appearance of Attack 
Attack may be manifested by: 
General smooth removal of  metal 
-General rough removal of metal 
____- Localized a t t a c k  p i t t i n g  
Removal 
"Localized a t t a c k  in t e rg ranu la r  
i 
Diffusion of gal l ium i n t o  e l ec t rode  
Addition < 
\-.Formation of a Ga/metal a l l o y  c lose ly  adherent 
From observat ion of the  previous p o s s i b i l i t i e s ,  it i s  obvious 
t h a t  s eve ra l  methods of a t t ack  de tec t ion  a re  necessary and complementary, 
That is  weighings, metallographic examination, v i sua l  examination, and 
ana lys i s .  One method alone i s  not s u f f i c i e n t .  For example, ana lys i s  a t  
intervals during t e s t ,  while a t  f i r s t  s i g h t  i d e a l ,  would i n  f a c t  g ive  no 
information concerning buildup of a l l o y  f i lms a t  the  l i qu id  metal /e lectrode 
surface.  It is  a l s o  c l e a r  t h a t  i n  view of t h e  l ike l ihood of change i n  
a t t ack  ra te ,  a minimum of f i v e  weighings a r e  necessary t o  obta in  a c l e a r  
p i c tu re  of e l ec t rode  metal behavior 
are the  terms "s l igh t"  and "heavy" a t t a c k  f o r  while i t  i s  conceivable t h a t  
Points  requi r ing  f u r t h e r  c l a r i f i c a t i o n  
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an e l ec t rode  could happi ly  surv ive  a r a t e  of a t t a c k  up t o  two mi l s lyea r ,  
t h e  l i q u i d  a l l o y  could no t .  
employed are small and would soon become sa tu ra t ed  with t h e  e l ec t rode  
The q u a n t i t i e s  of l i qu id  gal l ium t o  b e  
metal r e s u l t i n g  i n  a corresponding increase  i n  fus ion  poin t  and poss ib ly  
s o l i d i f i c a t i o n  of t h e  a l l o y .  I n  f a c t ,  i t  is  considered that  an  a t t a c k  
rate o f  0.00005 
years  
Corrosion C e l l  Concepts 
i d y e a r  could be d i sa s t rous  over a per iod of f i v e  
Bas i ca l ly  an  ind iv idua l  cor ros ion  c e l l  w i l l  c o n s i s t  of two 
i d e n t i c a l  s t r i p s  of metal exposed t o  l i q u i d  gal l ium. 
should be as c lose  as poss ib l e  t o  0.050" with l i t t l e  excess gal l ium round 
t h e  back s ides  o f  t h e  p l a t e s .  This i s  t o  ensure a reasonable c o r r e l a t i o n  
with a c t u a l  s l i p  r i n g  condi t ions e Several concepts have been considered,  
each having var ious  advantages but  when t h e  e s s e n t i a l  requirements of t h e  
c e l l  a r e  considered,  one of the  s imples t  c e l l  designs appears most s u i t a b l e .  
C e l l  Requirements 
1. Simple assembly and disassembly. 
Electrode sepa ra t ion  
2 .  Open t o  atmosphere. 
3 .  
4 .  
5. As l i t t l e  in t e r f e rence  as p o s s i b l e  by l i q u i d  metal conta iner .  
S ize  and shape chosen to employ minimum quan t i ty  o f  ga l l ium,  
Well-defined l i m i t s  t o  t h e  a rea  of e l ec t rode  exposed t o  gal l ium. 
4.0 EXPERIMENTS 
Experiments w e r e  run t o  determine the  cha rac t e r i s  t i cs  of  gall ium- 
e l ec t rode  systems. 
e l ec t rode  material, e l ec t rode  su r face  f i n i s h ,  cu r ren t  , temperature,  and 
t i m e  per iods under both a i r  and vacuum condi t ions .  
These experiments were run f o r  var ious condi t ions  of 
Some of t h e  parameters 
which were inves t iga t ed  included e l e c t r i c a l  
c h a r a c t e r i s t i c s  of t h e  gal l ium-electrode system. 
grouped as short- term experiments and long-term experiments ~ In.  addi t ion ,  
miscellaneous tests were run. These w e r e  contact  angle  tests,  f reez ing ,  
no i se  and oxide s t a b i l i t y  inves t iga t ions  
me ta l lu rg ica l  and chemical 
These tests have been 
The test veh ic l e  f o r  t h e  short- term and long-term experiments 
w a s  t h e  t es t  cell .  The bas i c  test  c e l l  consis ted of two e l ec t rodes  
separated by gall ium; t h e  e lec t rodes  cons is t ing  of d i f f e r e n t  materials 
which had been s e l e c t e d  under t h e  f i r s t  phase of  t h i s  t a sk .  I n  o rde r  t o  
b e t t e r  determine t h e  e f f e c t s  of t h e  ga l l ium upon t h e  e lec t rode  material, 
e l ec t rodes  of two su r face  f i n i s h e s  were used, 8 and 32 microinches. The 
e l ec t rodes  were approximately 314" x 314'' x .06" th ick  and were separated 
by approximately .04" of  gall ium. I n  order  t o  be ab le  t o  a t t a i n  accu ra t e  
e l ec t rode  weight changes, no mechanical connections were made t o  the e l ec -  
t rodes .  E l e c t r i c a l  connections were made t o  the  e lec t rodes  through 
copper p l a t e s  placed i n  back o f ,  and in  contac t  wi th ,  t he  e l ec t rodes ,  
The mechanical p re s su re  between the  copper back-up p l a t e s  and the  e lec t rodes  
i s  not  c r i t i c a l  a s  long a s  t h e r e  i s  e l e c t r i c a l  conduct iv i ty  between the  
back-up p l a t e s  and the  e l ec t rodes .  This  is e a s i l y  achieved because of t he  
a s p e r i t i e s  on both t h e  e l ec t rode  and copper su r faces  causing high loca l i zed  
pressures  and good e lectr ical  contac t .  There were 13 t e s t  racks .  Each tes t  
rack cons is ted  of 12 c e l l s  and each t e s t  c e l l  had thermocouple leads and vol tage  
leads  a t tached  (see Figure 2 ) .  
t h e  vol tage  drop from e lec t rode  t o  e l ec t rode  with a known cu r ren t  flowing. 
The c e l l  r e s i s t a n c e  w a s  determined by measuring 
1 
1 
i 
. ,  
t 
/- I 
7 
Y \ 
k 
FIGURE 2 
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The vol tage  drop was  measured with a s ix-p lace  DC d i g i t a l  
vol tmeter  and cu r ren t  w a s  measured with a prec is ion  laboratory DC 
ammeter having an accuracy of .05%. The DC curren t  w a s  supplied by a 
labora tory  power supply.  
The experiments consis ted of s e t t i n g  up test  c e l l s  i n  racks 
and running them f o r  varying per iods of time under varying condi t ions of 
cur ren t  a t  ambient temperatures.  
4.1 
4.1.1 
SHORT-TERM EXPERIMENTS 
E l e c t r i c a l  Tests 
When t h e  e l ec t rodes  were p u t  under t e s t ,  two phenomena were 
noted : f i r s t  , t h e  e l e c t r i c  a1 res is tance , e lec t rode  - to  -e lectrode , was 
higher  than an t i c ipa t ed  based upon on pre-proposal i nves t iga t ions ;  and 
second, the  e l e c t r i c a l  resistance w a s  no t  cons tan t ,  This  va r i ab le  
r e s i s t ance  took two forms. There w a s  a short- term v a r i a t i o n  and long-term 
v a r i a t i o n .  The short-term v a r i a t i o n s  were r a the r  abrupt changes i n  r e s i s -  
tance t h a t  took place Over a per iod of minutes t o  hours and appeared a s  an 
abrupt change followed by another  change br inging t h e  r e s i s t ance  back t o  
c lose  t o  i t s  o r i g i n a l  va lue .  
slow inc rease  i n  r e s i s t ance .  
The o ther  r e s i s t ance  change was a long-term 
These e f f e c t s  w e r e  a t t r i b u t e d  t o  t h e  oxide f i lm t h a t  i s  inherent  
on t h e  su r face  of  the  r e f r a c t o r y  metals. This oxide i s  a t h i n ,  high r e s i s -  
t i v i t y  l a y e r  which forms almcs t i n s t a n t l y  when the  pure metal is  exposed t o  
a i r  (I This theory w a s  strengthened by t h e  observat ion t h a t  the  r e s i s t ance  
w a s  a funct ion of cur ren t  magnitude and p o l a r i t y .  It was then decided t o  
break down t h e  oxide e l e c t r i c a l l y  by f r i t t i n g ,  This method cons is ted  of 
applying a vol tage  across  t h e  e lec t rode  that  w i l l  resul t  i n  a vo l tage  
gradient  of approximately l o 6  volts/cm. Since the  oxide f i lm  thickness  
i s  of t h e  order  of cm, the  vol tage  required t o  produce t h i s  grad ien t  
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is  small, of t h e  o rde r  of magnitude of  1 v o l t .  The r e s u l t s  of f r i t t i n g  
tes ts  on  tantalum and tungsten e l ec t rodes  with su r face  oxides are shown 
i n  Figure 3 and cross-p lo t ted  i n  Figures  4 and 5 .  AS t h e  vol tage  was 
increased,  t h e  cur ren t  i n i t i a l l y  increased propor t iona te ly ,  i nd ica t ing  
cons tan t  r e s i s t a n c e ,  A t  approximately 0.5 v o l t s  on t h e  tantalum elec- 
t rodes  and 0.1 v o l t s  on the  tungs ten ,  an increase i n  vol tage  was accom- 
panied by a decrease i n  r e s i s t ance .  This decrease i n  r e s i s t a n c e  continued 
u n t i l  t h e  l i m i t  of t h e  power supply being used, 100 amps, w a s  reached, 
when t h e  test  was stopped. A re run  of t h i s  tes t  showed t h a t  t h e  e l ec t rode  
1 
r e s i s t a n c e  w a s  constant  a t  a l l  cu r ren t s  up t o  100 amps; t h e  magnitude of  
t h e  r e s i s t a n c e  a t  a l l  cu r ren t s  being t h a t  of t he  100 amp magnitude. It 
should be noted t h a t  although the  i n i t i a l  r e s i s t a n c e  of t he  tantalum 
and tungs ten  e l ec t rodes  d i f f e red  by an order  of magnitude, t he  e l e c t r o d e  
r e s i s t a n c e  a f t e r  t h e  app l i ca t ion  of 100 amps w a s  almost t h e  same. An 
explana t ion  of these  r e s u l t s  i s  t h a t  t h e  oxide f i l m  on the  e l ec t rodes  
remains i n t a c t  u n t i l  t he  c r i t i c a l  f r i t t i n g  vol tage  gradien t  i s  a t t a i n e d ,  
When t h i s  happens, t h e  oxide f i l m  i s  punctured through, reducing t h e  resis- 
tance.  Further  increases i n  cu r ren t  en larges  t h e  "hole" i n  t h e  f i lm,  
causing f u r t h e r  reduct ions i n  r e s i s t ance .  The f r i t t i n g  procedure w a s  
successfu l  i n  t h a t  it reduced t h e  r e s i s t a n c e  by an order  of magnitude 
and demonstMted t h a t  i f  t h e  oxide l aye r  were removed, t he re  would be a 
s u b s t a n t i a l  reduct ion i n  r e s i s t a n c e  achieved. 
Figure 6 i l l u s t r a t e s  assembled tes t  cells  i n  p a r t i a l l y  assembled 
and w i r e d  tes t  racks.  Figure 7 shows tes t  racks undergoing prel iminary 
a i r  tests on a laminar flow bench with power supply and e l e c t r i c a l  monitoring 
equipment. 
Fig.  8 .  The automatic data a c q u i s i t i o n  system can be seen i n  Fig.  9 .  
The tes t  equipment and power supply a r e  fu r the r  i l l u s t r a t e d  i n  
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Figure  6 .  T e s t  Cells P a r t i a l l y  Assembled & Wired 
F i g u r e  7.  P re l imina ry  A i r  T e s t s  
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Figure 8 .  E l e c t r i c a l  T e s t  Equipment and Power Supply 
Figure 9, Automatic Data A c q u i s i t i o n  System 
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4,1,2 Oxide Removal 
The inves t iga t ions  of  f r i t t i n g  ind ica ted  t h a t  t h e  e lectr ical  
i n t e r f a c e  r e s i s t a n c e  between gal l ium and t h e  r e f r ac to ry  metals w a s  very 
l a r g e l y  inf luenced by the  presence of an  oxide l a y e r  on t h e  e l ec t rode  
su r face .  I f  t he  l aye r  i s  removed, even i n  a l imi t ed  area, the  i n t e r f a c e  
r e s i s t a n c e  drops dramat ica l ly  by severa l  orders  of magnitude. The f r i t t i n g  
technique accomplishes t h i s  but  i t  had the  disadvantage of a f f e c t i n g  only a 
very l imi t ed  sur face  a rea  of t h e  e l ec t rode ,  perhaps i n  the  magnitude of 
.01" i n  diameter.  There w a s  concern about r e ly ing  upon t h i s  small a rea  f o r  
e l e c t r i c a l  conduction f o r  a per iod of years  s i n c e  an increase  i n  r e s i s t ance  
was experimental ly  observed over a per iod of weeks. This increase  i n  resis 
tance may be a r e s u l t  of t he  f r i t t e d  a r e a  of t he  e l ec t rode  becoming slowly 
reoxid ized ,  The source of  oxygen fo r  the reoxida t ion  could be dissolved 
oxygen i n  t h e  l i q u i d  gal l ium. 
A much more s a t i s f a c t o r y  approach would be  t o  remove t h e  oxide 
from the  e n t i r e  su r face  of t h e  e l ec t rode .  There a r e  a number of  techniqiies 
which can be used f o r  t h e  removal of the su r face  oxide .  These include 
chemical a t t a c k ,  mechanical abrasion,  and hea t ing  the  e l ec t rode  ma te r i a l  t o  
a temperature s u f f i c i e n t  t o  vaporize t h e  oxide,  The mechanical abras ion  
technique was t r i e d  and found t o  be a successfu l  approach. The abrasion 
approach cons is ted  of rubbing the  e l ec t rode  su r face  with emery c l o t h  while 
keeping the  e l ec t rode  su r face  covered wi th  a l aye r  of gal l ium. 
t rode  su r face  w a s  covered wi th  gal l ium i n  order  t o  prevent  t h e  reoxidat ion 
of the  su r face  by re-exposure t o  oxygen. The e f f ec t iveness  of t h i s  tech-  
nique w a s  v e r i f i e d  by removing t h e  oxide from two e l ec t rodes ,  p lac ing  them 
i n  a tes t  c e l l  with gal l ium, and measuring the  e l e c t r i c a l  r e s i s t a n c e .  The 
The elec- 
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e lec t rode- to-e lec t rode  r e s i s t ance  w a s  found t o  be i n  the  micro-ohm range 
which ind ica ted  successfu l  oxide removal However, t h e  abras ion  technique 
has two major disadvantages.  F i r s t ,  i t  is  very t i m e  consuming and would 
be d i f f i c u l t  t o  implement on t h e  engineering tes t  model which had l a rge  
curved e l ec t rode  su r faces .  Secondly, a f t e r  abrading t h e  e l ec t rode ,  i t  might 
be d i f f i c u l t  t o  determine i f  t h e r e  were an a t t a c k  by gall ium, and it  would be 
impossible t o  measure any small changes i n  e l e c t r o d e  weight as a r e s u l t  of 
a t t a c k .  A f u r t h e r  disadvantage of abrading i s  t h a t  a rough sur face  is more 
suscep t ib l e  t o  chemical a t t a c k  than a smooth one; abras ion  could the re fo re  
l ead  t o  acce le ra t ed  a t t a c k  by gall ium. 
The most app l i cab le  technique would be the removal of oxide by 
hea t ing  t h e  e l ec t rodes  t o  temperatures s u f f i c i e n t  t o  vaporize t h e  oxide; t h e  
oxides of tungsten,  molybdenum and tantalum vaporize a t  1000°C. The hea t ing  
must b e  done i n  a con t ro l l ed  atmosphere; f o r  tungsten and molybdenum, t h i s  
atmosphere could be hydrogen, f o r  tantalum which cannot be  exposed t o  hydrogen 
a t  1000°C because of hydrogen embri t t lement ,  a vacuum furnace must be  used. 
After  t he  removal of su r f ace  oxide by furnace hea t ing ,  t he  reformation o f  oxide 
on t h e  e l ec t rode  su r face  must be prevented when t h e  e lec t rodes  a r e  exposed t o  
a i r  aga in .  This  can be accomplished by having 
a f t e r  hea t ing ,  f looding  t h e  t r ays  wi th  gal l ium 
completely cover t h e  e l ec t rode  su r faces  with a 
which w i l l  prevent reoxida t ion .  
the  e lec t rodes  i n  t r a y s  and 
t o  a s u f f i c i e n t  depth t o  
t h i n  adhering f i lm of gal l ium 
nique is  
(1 )  
The s p e c i f i c  procedure f o r  oxide removal by the  vapor iza t ion  tech-  
as follows: 
The e l ec t rodes  a r e  cleaned, degreased, and placed i n  t r a y s  of 300 
series s t a i n l e s s  s tee l .  
-47 - 
(2  1 The t r a y s  of e l ec t rodes  are then  heated i n  a furnace f o r  1 hour 
a t  temperature.  
M a t  e r i  a1 
Tungsten 
Molybdenum 
Tan t a1 um 
Temperature 
oc  -
1000 
1000 
1000 
Furnace 
Atmosphere 
Hydrogen 
Hydrogen 
Vacuum 
( 3  1 The e lec t rodes  a r e  furnace cooled t o  15OoC. 
i a t e l y  i s  flooded wi th  argon t o  prevent  ox ida t ion  o f  t h e  e l ec t rodes  
during ga l l ium f looding.  
The furnace immed- 
( 4  1 The t r a y s  a r e  flooded with ga l l ium t o  s u f f i c i e n t  depth t o  completely 
cover t h a t  p a r t  of t h e  e l ec t rode  sur€ace  t h a t  was t o  b e  wet ted.  
(5  1 The furnace i s  cooled t o  room temperature and t h e  t r ays  removed. 
Visual examination of t h e  e l e c t r o d e  sur faces  showed them t o  be a t  
least 90% wetted by t h e  gall ium. There d i d  not appear t o  be any observable 
d i f f e rence  i n  t h e  a b i l i t y  t o  w e t  e l ec t rodes  of molybdenum, tantalum, o r  
tungsten.  The gal l ium on t h e  sur face  of t h e  e l ec t rodes  did not  appear h ighly  
oxidized.  
4 . 1 . 3  Summary 
Tungsten, molybdenum and tantalum have an  inherent  oxide f i lm on t h e i r  
sur faces  which r e s u l t s  i n  excess ive ly  high e lec t rode- to-e lec t rode  e l e c t r i c a l  resis - 
tance through gal l ium. The sur face  oxide can be removed by a number o f  methods, I 
such as abrasion,chemical and hea t ing .  The technique most appl icable  t o  t h e  f 
t 
l i q u i d  metal s l i p  r ing  e l ec t rodes  i s  by hea t ing ,  The tungsten and molybdenum ! 
e lec t rodes  a r e  heated t o  1000°C i n  hydrogen and t h e  tantalum is heated t o  1060°C 
i n  a uacuum environment. This  causes  the  oxide t o  v o l a t i l i z e .  To prevent reoxi -  
da t ion ,  t h e  furnace  i s  flooded with argon and t h e  e l ec t rode  su r faces  immediately 
wetted with gall ium. This technique of oxide removal reduced t h e  e lec t rode- to-  
e l ec t rode  r e s i s t ance  fo r  one ha l f  square inch e l ec t rodes  from i n i t i a l  va lues  
ranging from 0.01 t o  1 ohm t o  less  than 10 x lom6 ohms. 
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4.2 LONG-TERM EVALUATION TESTS 
4.2 .1  Long-Term Evaluation Tests 
As p a r t  of t h e  long-term eva lua t ion  tests, tes t  c e l l s  containing 
e lec t rodes  of var ious materials were run  fo r  an extended period of time t o  
determine t h e  combined e f f e c t s  of cu r ren t ,  e levated temperature and vacuum 
upon the  e l e c t r i c a l ,  mechanical ~ meta l lurg ica l  , and chemical charac te r i s  t i c s  
of gall ium and t h e  e l ec t rode  m a t e r i a l s ,  
The test  cons is ted  of placing a rack of test  c e l l s  i n  a vacuum 
chamber and continuously monitoring e l ec t rode  r e s i s t ance  and temperature 
i n  order  t o  de t ec t  any s i g n i f i c a n t  changes, The vacuum chamber was a 
d i f f u s i o n  pump chamber capable of maintaining a vacuum of 1 0  -6 t o r r ,  
The t e s t  c e l l s  were connected i n  series t o  a DC power supply t h a t  provided 
t h e  2 0  amp test cu r ren t .  The e l e c t r i c a l  r e s i s t ance  of each tes t  c e l l  was 
determined by measuring t h e  vo l t age  drop across  i t  wi th  a s ix-place d i g i t a l  
vol tmeter .  Temperature w a s  measured using copper-constantin thermocouples 
on each test c e l l .  
DC ammeter having an accuracy of .05%. Table 6 summarizes the test  condi- 
The cur ren t  was measured with a prec is ion  labora tory  
t ions a 
TABLE 6 .  TEST CONDITIONS 
Environment Material Sur face Current Amb ien t Number of 
F in ish  (amps) Temp. Cel l s  
(micro-inches ) 0 
Vacuum Tung s ten* 8 
Tantalum* 8 
(10-6 t o r r )  
2 0  80 3 
2 0  80 3 
I 
I 
MolybdenumJ: 8 20 80 3 
Graphite 8 20 80 3 
_- 80 Delr in  --_ 
i n su la t ion  
Oxide removed by hea t ing  t o  1000°C i n  cont ro l led  atmosphere 
furnace 
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Although e l ec t rodes  with a 32 micro-inch f i n i s h  might b e t t e r  approxi- 
mate t h e  su r face  f i n i s h  a n t i c i p a t e d  on the  engineer ing test model, t h e  8 micro- 
inch f i n i s h  w a s  necess i t a t ed  f o r  me ta l lu rg ica l  s tudy and examination. Photo- 
micrographs of 32 micro-inch su r faces  are not  s a t i s f a c t o r y  and it  is  a l s o  
more d i f f i c u l t  to d i sce rn  p i t t i n g ,  corrosion,  o r  i n t e rg ranu la r  a t t a c k  on 
32 micro -hch  f i n i s h e s .  
P r i o r  t o  running i n  vacuum and i n  order  t o  be assured of  t h e  i n t e g r i t y  
of t he  test  equipment i n  vacuum, t h e  t e s t  cel ls  were f i r s t  run i n  a i r  a t  2 
amps and 20  amps. The proper funct ioning of t h e  tes t  racks and vol tage  and 
temperature sensors  was assured ,  
Table 7 shows t h e  e l e c t r i c a l  r e s i s t a n c e  c h a r a c t e r i s t i c s  i n  a i r  
and vacuum f o r  cu r ren t s  of 2 amps and 20 amps, The r e s i s t a n c e  values  o f  t he  
tantalum, molybdenum, and tungsten e l ec t rodes  were q u i t e  low being i n  the 
micro-ohm range; however, t h e  g raph i t e  e l ec t rodes  showed very much h igher  
r e s i s t a n c e  va lues ,  i n  t he  milli-ohm range, The t h e o r e t i c a l  e lec t rode- to-  
e l ec t rode  r e s i s t ances  based on e l ec t rode  and gal l ium i e s i s t i v i t y  and 
geometry of t h e  test cel ls  are as  follows: 
Tantalum 
Molybdenum 
Tungsten 
Graphite 
2 .O x ohms 
1 .3  x ohms 
1 .3  x loe6  ohms 
240 x ohms 
The measured r e s i s t a n c e  of t h e  r e f r a c t o r y  metals  is  very near ly  t h a t  of 
t he  t h e o r e t i c a l  va lue ;  however, t h e  measured r e s i s t a n c e  of g raph i t e  is much 
higher  than  t h e  t h e o r e t i c a l .  
d i f f e rence  i n  r e s i s t ance .  The g raph i t e  e l ec t rodes  could ha~re a sur face  
oxide,  such as carbon oxide,  and such e f f e c t s  as the gal l ium wet t ing  charac-  
No obvious explanat ion has been found f o r  t h i s  
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teristics o r  absorbed water on the  graphi te  su r face  may a l s o  be t h e  cause of 
t h e  high e l e c t r i c a l  r e s i s t a n c e .  The high e lectr ical  r e s i s t a n c e  of graphi te  
r e s u l t e d  i n  I R lo s ses  of  approximately 2 watts t o  4 wat ts  f o r  each c e l l  a t  
20 amps. I n  vacuum, t h i s  caused a loca l i zed  excessive heat ing and i n  order  
to prevent a f a i l u r e  of the  e n t i r e  test rack, t h e  g raph i t e  e lec t rodes  were 
removed from tes t  by shor t ing  them o u t ,  
2 
The test  r e s u l t s  i n  Table 7 show a d i f f e rence  i n  electrical  resis- 
tance ,  e s p e c i a l l y  i n  t h e  case  of molybdenum e lec t rodes  between a i r  and vacuum. 
The reason  fo r  t h i s  i s  probably a r e s u l t  o f  a s l i g h t  zero-of fse t  of the  d i g i t a l  
vol tmeter  used t o  measure t h e  c e l l  vo l tage  drop. The c e l l  vo l tage  drop a t  
20 amps i s  of the  magnitude of .1 t o  .2 m i l l i - v o l t s .  A sm11 meter zero-of fse t  
can e f f e c t  t h e  apparent  reading magnitude q u i t e  s u b s t a n t i a l l y ,  It is  believed 
t h a t  a l l  e l ec t rodes  had r e s i s t ances  of 10 micro-ohms o r  less .  
TABLE 7 .  ELECTRODE ReSISTANCE 
(Micro-ohms) 
Environment: A i r  
Current (amps ): 2 
C e l l  Material 
A i r  Vacuum 
20 20  
Graphi te  
Graphi te  
Graphi te  
5800 
9 000 
5100 
5700 removed 
8000 from 
4900 T e s t  
W 
W 
W 
10 
10 
20  
2 0 
10 5 
10  0 
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4 
Typical r e s u l t s  from t h e  long-term vacuum evalua t ion  tests 
are given i n  Table 8. I n  these  tests, t h e  graphi te  e l ec t rodes  had been 
removed from test  by shor t ing  them ou t ;  however, they were no t  
phys ica l ly  removed from the  tes t  rack and t h e i r  thermocouples were 
l e f t  i n  place.  The e l e c t r i c a l  r e s i s t ance  of t h e  test c e l l s  w a s  less 
than  10 micro-ohms f o r  a l l  e l ec t rodes ;  t he  magnitude of the r e s i s t a n c e  
remained constant  
The apparent poor c o r r e l a t i o n  between r e s i s t a n c e  and temperature is 
probably due t o  j o i n t  r e s i s t a n c e  between leads and e l ec t rodes .  
s t a t e d  earlier,  a l l  e l e c t r i c a l  connections were mechanical because of  
the  d i f f i c u l t y  i n  obta in ing  good braze,  weld o r  so lder  connections t o  
t h e  tes t  e lec t rodes .  This i s  subs t an t i a t ed  by t h e  f a c t  that the  t o t a l  
input  vo l t age  t o  t h e  test rack ,  which has  a l l  t h e  c e l l s  and e l e c t r i c a l  
connections i n  series, is approximately 0.5 v o l t s ,  The vo l t age  drop 
across  the  ind iv idua l  c e l l s  is  of t h e  order o f  .1 m i l l i v o l t s .  Thus, 
the  t o t a l  input  power t o  the  test  rack i s  10 w a t t s  (0.5 v o l t s  x 20 amps) 
o r  about 1 w a t t  per  c e l l .  
(0.1 x 1 0 - ~  v o l t s  x 20 amps) o r  2 m i l l i w a t t s .  
d i s s i p a t i o n  per  ce l l  should not produce a s i g n i f i c a n t  temperature rise 
i n  a vacuum; however, 1 wat t  pe r  c e l l  would produce an appreciable  
temperature rise 
wi th in  t h e  l i m i t s  o f  instrumentat ion accuracy. 
As 
The electrode-to-electrode power loss is  
A 2 mil l iwa t t  power 
TABLE 8.  LONG-TERM EVALUATION TEST RESULTS 
- C e l l  Electrode Date 3/10/70 Date 4/8/70 Date 4/28/70 
No. Material Electrical Temp. E l e c t r i c a l  Temp. E l e c t r i c a l  Temp. - 
(OF) Res is tance (OF 1 Res is tance (OF) 
(micro-ohms) (micro-ohms ) (micro-ohms) 
1 Ta 1 180 4 98 4 97 
2 Ta .5 180 .5 2 1 7  .5 2 1 2  
P la ten  
Temperature 
130 151 151  
Current 20 amps dc 
Environment vacuum - t o r r  
Electrode c ross -sec t ion  
a rea  t o  cur ren t  flow .5 square inches (approx.) 
Voltage drop across  e n t i r e  
test rack .5 v o l t s  (approx.) 
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During the  running of t h e  long-term eva lua t ion  tests,  the re  waq 
no evidence of e l e c t r o d e  o r  i n s u l a t i o n  a t t a c k  o r  of s i g n i f i c a n t  q u a n t i t i e s  
o f  gall ium contamination. The s u r f a c e  o f  the gal l ium i n  some of t h e  test 
c e l l s  had a l i g h t  grey appearance which w a s  a sc r ibed  t o  ox ida t ion .  However, 
the  q u a n t i t y  o f  t h i s  contamination was small and d id  not appear t o  inc rease  
during e i t h e r  the a i r  exposure port ion o f  the tests o r  i n  vacuum; i n  o the r  
cel ls ,  t h e  gal l ium appeared b r i g h t  throughout t he  e n t i r e  test  cyc le .  
A number of important r e s u l t s  were obtained from t h e  long-term 
eva lua t ion  tests of  the  e l ec t rodes  and t h e  Post-Test Evaluation, Sect ion 
4 . 2 . 2 .  These include the  following: 
(1)  The e l e c t r i c a l  r e s i s t a n c e  o f  test ce l l s  using e l ec t rodes  of tungsten,  
molybdenum and tantalum i s  about 10 x ohms, This is comparable 
t o  the bulk r e s i s t a n c e  of t h e  materials and demonstrates t he  a b i l i t y  
t o  remove e l e c t r o d e  s u r f a c e  oxides .  
There is  no ind ica t ion  of an increase i n  electrical  r e s i s t a n c e  w i t h  
t i m e  i n  vacuum and based on l imi t ed  t e s t i n g  i n  a i r .  This shows t h a t  
t h e r e  is l i t t l e  o r  no r e s t o r a t i o n  of t he  e l ec t rode  s u r f a c e  oxide.  
(3  1 There is no gross  a t t a c k  by gall ium on the  De l r in  and 
Teflon i n s u l a t i o n  t h a t  was used i n  t h e  tes t  r ack .  
4.2.2 Post-Test Evaluation 
A t  t he  completion of t h e  long-term eva lua t ion  tests of  t h e  e l ec t rodes  
i n  vacuum, a p o s t - t e s t  evaluat ion w a s  made. F i r s t ,  v i s u a l  observat ions were 
made of t h e  gall ium and e l ec t rodes  i n  the  t e s t  racks p r i o r  t o  t h e i r  disassem- 
b ly .  There was no evidence of a t t a c k  on the e l ec t rodes ,  t he  gallium i n  
some of t h e  c e l l s  appears l i g h t l y  oxidized while i n  o t h e r s ,  t h e r e  w a s  more, 
but  not extensive,  oxidat ion.  The oxidat ion had the c h a r a c t e r i s t i c  l i g h t  
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grey co lor .  I n  f i v e  of t h e  eleven tes t  cel ls ,  dur ing  the  vacuum tes t ,  
gal l ium had formed a bubble, perhaps due t o  t h e  expansion of entrapped 
gas.  
developed. 
Where t h e  bubble contacted the  copper back-up p l a t e s ,  a c r y s t a l  
A t y p i c a l  ce l l  w i t h  a bubble i s  shown i n  Figure 10. i t  was 
a l s o  not iced  t h a t  t h e  bubble of gal l ium tends t o  be on one s i d e  of  each 
ce l l .  
cathode. 
It w a s  no t  random, but  was always on t o  t h e  same e lec t rode ,  t h e  
There i s  no explana t ion  for  t h i s  p r e f e r e n t i a l  l oca t ion  of the 
gal l ium bubble. From previous tests, it was observed t h a t  t h i s  bubble 
appeared only when t h e  tes t  rack  w a s  under vacuum; when a i r  was allowed 
i n  t h e  b e l l  j a r ,  t h e  bubble co l lapsed .  
The gal l ium metal from each ce l l  w a s  analyzed by means of emission 
While add i t iona l  t r a c e  elements were found, none of spectrography a t  LeRC. 
t h e  e l e c t r o d e  materials were found i n  the  gall ium. The spectrographic  
r e s u l t s  are presented i n  Table 9 .  
TABLE 9 .  
SPECTROGRAPHIC ANALYSIS OF GALLIUM FROM TEST RACK ELECTRODE 
M 
g -- Ga - Cu - -  Ag A 1  - S i P, 'n Electrode Mat ' l  - - 
Ta  
Ta 
Ta 
- - - Graphi te  S T T T T 
Graphi te  S T T - - - - - 
Mo S T T T T 
Mo S T T T T 
Mo S T T T T 
- - - 
- - - 
- - - 
W 
W 
W 
!, ... i 
S = s t rong  ind ica t ion  
M = moderate ind ica t ion  
T = t r a c e  ind ica t ion  
- = no ind ica t ion  
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Tantalum E l e c t r o d e s  
i 
! 
* >  
Tungs t e n  E l e c t r o d e s  
re 10. T e s t  Cells Showing Gallium At tack  on Copper 
Subsequent t o  the  removal of the gal l ium from the  test  cells and 
t h e i r  disassembly, each e l e c t r o d e  w a s  examined i n  d e t a i l  by the  use of a 
metallograph a t  approximately 5X and 200X. 
t hese  magnif icat ions,  t h e  200X photograph being made of a s p e c i f i c a l l y  
They w e r e  photographed a t  
se l ec t ed  a rea  f o r  comparison t o  s i m i l a r  photographs 
exposure. Photographs of one ce l l  of  each material 
11 through 16 ,  The p r e - t e s t  photographs show the  8 
t h e  post  exposure photographs show the  same su r face  
made p r i o r  t o  test 
are shown i n  Figures 
microinch sur face ;  
a f t e r  having the  
gal l ium removed by wiping wi th  a s o f t  t i s s u e .  
gal l ium present  on t h e  photographed su r face  The d i f f e rences  observed 
are due t o  t h i s  r e s i d u a l  gal l ium and were not  found t o  be a t t a c k ,  c rev ices  
o r  p i t s .  
There i s  some re s idua l  
I n  none of t h e  e lec t rodes  was ' there  any ind ica t ion  of a t t a c k ,  p i t t i n g ,  
o r  cor ros ion .  Each e l ec t rode  was then  placed i n  an ac id  ba th ,  hydrof luor ic  
f o r  molybdenum and tungsten,  and n i t r i c  f o r  tantalum, t o  remove t h e  l a s t  
traces of gal l ium from the sur face .  Af te r  drying,  the  e l ec t rodes  w e r e  
weighed and compared t o  t h e  i n i t i a l  weights ,  This information i s  tabula ted  
i n  Table 10. Weight l o s s  was observed i n  every case .  After completion of 
photography, one of  t h e  tungsten e lec t rodes  w a s  sec t ioned  and pol ished t o  
determine i f  a t t a c k  had occurred. These sec t ions  a r e  shown i n  Figures 1 7  
and 18, No p i t t i n g  o r  a t t a c k  i s  d i sce rn ib l e .  
None o f  t h e  observat ions made, v i s u a l ,  microscopic,  o r  chemical,  
reveal any a t t ack  of  the  e l ec t rode  materials by the  l i q u i d  gal l ium a t  t h e  
t e s t  condi t ions  * 
The weight loss of t h e  e l ec t rodes  i s  not e a s i l y  explained.  I t  i s  
poss ib le  t h a t  t h e  e l ec t rodes  were a t tacked  i n  the  a c i d  e tching bath t h a t  
was used t o  remove the  l a s t  t r a c e s  o f  gall ium before reweighing. The 
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Figure  11, Photomicrographs of Tantalum E l e c t r o d e  200X 
(a) I n i t i a l  (b) A f t e r  long term e v a l u a t i o n  test  
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Figure 12 e Photomicrographs of Tantalum Electrode (200x1 
(b) After long term eva 
.... 
. .  
. t, 
3 
b 
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Figure 13 ,  Photomicrographs of Molybdenum Electrode (ZOOX) 
(a) Ini t ia l  (b) After long term evaluation tes t  
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Figure 14 Photomicrographs of Molybdenum Electrode (200X) 
(a) I n i t i a l  (b) After long term evaluation test 
? 
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Figure 15. Photomicrographs of Tungsten Electrode (200X) 
(a) Initial (b) After long term evaluation test 
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Figure 16. Photomicrograph of Tungsten Electrode (200X) 
(a) In i t ia l  (b) After long term evaluation test 
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Figure 17 Section of Tungsten Electrode, Unetched, (200x1 
(a) Side unexposed to gallium, 
(b) Side exposed to gallium, 
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Figure  180 S e c t i o n  of Tungsten E l e c t r o d e  a f t e r  
Etch ing  (200x1 e 
(a) Side  unexposed t o  ga l l i um.  
(b) Side  exposed t o  ga l l i um,  
c 
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graph i t e  e l ec t rode  weight information i s  not reported s i n c e  it was 
learned t h a t  t he  g raph i t e  e l ec t rodes  were dressed to  f i t  t h e  tes t  
f i x t u r e  a f t e r  t h e i r  weight w a s  determined. However, i t s  sur face  
appeared unaffected by the  gallium., The a t t a c k  o f  t h e  copper back-up 
elec ' trodes by the  ga l l ium r e s u l t i n g  i n  c r y s t a l  growth is  expected and 
predic ted  by the  phase diagram. 
Attack of t h e  e l ec t rodes  themselves cannot be de tec ted  by micro- 
scopic  examination of the su r faces .  
and cross -sec t ion  confirm t h i s  e Therefore,  the  o r i g i n a l  ana lys i s  t h a t  
The r ep resen ta t ive  photomicrographs 
showed t h a t  t hese  materials are not  sub jec t  t o  a t t a c k  by gall ium even a f t e r  
t he  removal of sur face  oxides have been subs t an t i a t ed  by tes t .  
Mat e r i a  1 
Tungsten 
Molybdenum 
Tantalum 
TABLE: 10. 
WEIGHT CHANGE OF ELECTRODES 
10.1736 
10  e 607 5 
10.5082 
9.9975 
10 .4441 
5.9758 
6 0288 
6.1204 
6 e 1395 
6 .0490 
6 ,0666 
9.1421 
9.1100 
9.0761 
8 8068 
9.1382 
9.2337 
F i n a l  -
(grams ) 
10.1678 
10 .3318 
10.6020 
10.5011 
9.9911 
10.4375 
5.9730 
6.0255 
6.1148 
6.1362 
6.0473 
6.0645 
9.1399 
9 . t o 5 9  
9.0717 
8 a 8030 
9.1355 
9.2289 
-. 0058 
-. 0055 
-,0071 -. 0064 -. 0066 
-.0028 
-. 0036 - .0033 
-.0027 
-.0021 
-. 0022 -. 0041 - .0044 - ,0038 
e.0027 -. 0048 
-:0033 
1 
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4.3 MISCELLANEOUS TESTS 
4.3.1 Contact Angle T e s t s  
Since c a p i l l a r y  forces  w i l l  be u t i l i z e d  t o  r e t a i n  t h e  gal l ium 
between t h e  e lec t rodes  o f  a s l i p  r ing ,  t h e  contac t  angle  between the 
gall ium and 'the e l ec t rode  i s  an important parameter. The c a p i l l a r y  
depression f o r  a non-wetting system, o r  c a p i l l a r y  r ise f o r  a wet t ing  
system, is  a measure of t h e  r e t a i n i n g  forces  t h a t  w i l l  be exer ted .  For 
two p a r a l l e l  p l a t e s ,  t h e  c a p i l l a r y  depression i n  a non-wetting system is: 
2 0 cos Q 
g P '  
h =  
where: h = head of  f l u i d ,  cm. 
0 = su r face  tens ion ,  dyneslcm. 
9 = contac t  angle  
g = a c c e l e r a t i o n  of g rav i ty  
P = dens i ty  of  f l u i d ,  gramslcc 
r = one-half p l a t e  separa t ion ,  cm. 
The contac t  angle ,  9 ,  shown i n  Figure 1 9 ,  is the  angle  t h a t  t he  
0 f l u i d  makes with t h e  m a t e r i a l ;  it i s  g r e a t e r  than 90 f o r  non-wetted systems 
and less than  90° f o r  w e t t e d  systems. 
t h e  c a p i l l a r y  force approaches zero.  
0 I f  the  contac t  angle approaches 90 , 
The contac t  angle  can be measured using the  s e s s i l e  drop technique 
as  descr ibed i n  "Physical Chemistry of Surfaces" by Arthur Adamson. This 
method c o n s i s t s  of p u t t i n g  a small drop of the l i q u i d  metal on the  e l ec t rode  
su r face  and measuring t h e  angle  which t h e  s i d e  of the  drop makes with the  
sur face .  This angle  can be measured us+g a microscope with a c a l i b r a t e d  
r e t i c l e  
~"... ..... 
'. . 
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There are a number of important parameters which inf luence 
the  apparent contac t  angle  between t h e  ga l l ium and the  e l ec t rode  
materials. These parameters include su r face  roughness, oxides and con- 
taminants on t h e  su r face  of t h e  gall ium, oxides and contaminants on t h e  
su r face  of t h e  e l ec t rode  ma te r i a l  and h y s t e r e s i s  e f f e c t s .  
,/-., -. / '.. Liquid 
Contact Angl e 
e > 90" 
1 - -- f (a) Non-wetting Surface 
t 
Contact Angl e 
i 
8 < goo 8 
Figure 1 9 .  Contact Angle Determination 
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The e f f e c t s  of roughness have been t r e a t e d  by a number of writers. 
I f  two contact  angles are considered: 
t he  contact  angle  o f  a rough su r face ,  
et , t he  t r u e  con tac t  angle  and e r '  
t cos gr  = r cos 8 
where r is  t h e  r a t i o  of a c t u a l  t o  projected su r face  area, A s  the su r face  
becomes more rough, the  r a t i o ,  r , i nc reases  (Reference: "Physical Chemistry 
of Surfaces", 2nd Ed i t ion ,  A .  W .  Adamson, p .  358). When the  contact  angle ,  
FJ , is less than 90 as f o r  wetted su r faces ,  t he  e f f e c t  of roughness i s  t o  
decrease the  con tac t  ang le .  When t h e  contact angle i s  g rea t e r  than 90 , as 
f o r  non-wetted su r faces ,  t h e  con tac t  angle is  increased,  Thus, t h e  e f f e c t  of 
roughness is t o  increase t h e  c a p i l l a r y  f o r c e s .  Tests  w e r e  run on 32 micro-inch 
f i n i s h  e l ec t rodes ;  t h i s  f i n i s h  s e l e c t e d  as being t y p i c a l  of t h a t  which would 
be a t t a i n e d  on t h e  engineering tes t  model. As a f i r s t  o rde r  approximation, 
e l ec t rode  su r face  roughness i s  not expected t o  a l te r  the  contact angle  charac- 
t e r i s t ics  appreciably fo r  t h e  range of roughness expected between the test 
sample su r faces  and engineering model e l e c t r o d e  su r faces ,  I f  t he re  i s  any 
d i f f e rence  i n  roughness, the engineering tes t  model e l ec t rodes  would 
probably be rougher than 32 micro-inch; t h i s  would r e s u l t  i n  g r e a t e r  
c a p i l l a r y  fo rces .  Contact ang le  tests could have been run on t h e  8 micro- 
inch e l e c t r o d e s ;  however, these were made primary f o r  me ta l lu rg ica l  tes ts  
and i t  w a s  not thought des i r ab le  t o  s u b j e c t  them t o  excessive handl ing.  
0 
0 
The contact  ang le  c h a r a c t e r i s t i c s  w i l l  be g r e a t l y  influenced by the  
su r face  condi t ions of both t h e  gall ium and e l ec t rode  s u r f a c e s .  The surface 
of the e l e c t r o d e  i s  oxidized; i n  add i t ion ,  i t  may contain absorbed water 
vapor and oxygen. Gallium oxidizes  very r a p i d l y  s o  t h a t  i t s  su r face  is 
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probably oxidized ; t h e  oxide  a1 so might be hydrated , depending upon i t s  
exposure t o  water vapor. 
g ross  tests show t h a t  both moderately oxidized and "fresh" gal l ium w i l l  
w e t  e l e c t r o d e  su r faces  from which t h e  oxide has been removed, and t h a t  
n e i t h e r  moderately oxidized o r  c l ean  gal l ium w i l l  w e t  oxidized e l ec t rodes .  
Tests were run  i n  a i r  a t  room temperature,  p ressure  and humidity 
t o  determine the  con tac t  angle  of gal l ium and var ious  e l ec t rode  materials. 
P r io r  t o  t e s t i n g ,  t h e  e l ec t rode  su r faces  w e r e  cleaned with e thanol .  The 
test cons is ted  of p lac ing  a drop of gal l ium having a diameter between 1/8" 
and 114" on t h e  e l ec t rodes .  The e l ec t rodes  had a 32 micro-inch f i n i s h  and 
t h e  temperature of t h e  e lec t rodes  and ga l l ium w e r e  held between 3OoC and 
4OoC. 
It is  d i f f i c u l t  t o  q u a n t i t i z e  these  e f f e c t s ,  but  
The r e s u l t s  were as follows: 
Material 
Tungsten 
Tantalum 
Molybdenum 
G r  ap h i  t e 
Bery I l ium 
Contact Angle, degrees 
135 f 5 
135 5 
135 + 5 
135 +_ 5 
125 +_ 5 
- 
These angles  were obtained by v i s u a l l y  measuring the  angle of contac t  w i t h  
a microscope having an angular ly  c a l i b r a t e d  re t ic le .  
t he  ga l l ium w a s  i n  a l i q u i d  condi t ion  s i n c e  t h e  temperature of the  elec- 
t rodes  and gal l ium were d e l i b e r a t e l y  kept  above the  melting temperature 
of t he  gal l ium. 
During these  tests,  
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4 . 3 - 2  Freezing Tests 
When gal l ium f reezes ,  it undergoes a r a t h e r  l a rge  volumetric 
expansion, approximately 3.2%. This expansion presented a concern 
r e l a t i n g  t o  t h e  design of t h e  engineering model s l i p  r i n g .  
known whether t he  f r eez ing  of t h e  gal l ium would impart l a r g e  a x i a l  
forces  through t h e  r o t a t i n g  cen te r  e l ec t rode  and cause a f a i l u r e  i n  t h e  
support  bear ings.  It a l s o  wasn't  known whether t h e  r a d i a l  forces  i n  the  
outer  e l ec t rode  caused by the  expansion of t h e  ga l l ium would be s u f f i c i e n t  
It wasn't  
t o  f r a c t u r e  i t .  No design ca l cu la t ions  could be done t o  determine t h e  
. i.., . .., . .  
magnitude of t h e  expected forces  s i n c e  t h e r e  is  very l i t t l e  da t a  on the  
mechanical p rope r t i e s  of pure gal l ium. A test was the re fo re  undertaken 
t o  determine whether t h i s  problem a c t u a l l y  ex i s t ed .  
A s o l i d  beryl l ium ou te r  e l ec t rode  with a center  e lec t rode  
e x t e r n a l l y  supported w a s  f i l l e d  t o  the  nominal depth of gall ium t h a t  it 
would have when properly f i l l e d  f o r  opera t ion .  This was approximately 
0.3". The gal l ium was frozen and the  r e s u l t i n g  displacement of  t he  center  
e l ec t rode  was measured with d i a l  i nd ica to r s  around i t s  per iphery.  The ax ia l  
displacement of t h e  center  e l ec t rode  w a s  measured t o  be l e s s  than 0.0005 
inch.  This i s  less than the thermal expansion of t he  gal l ium and is of 
such magnitude as can e a s i l y  be accommodated by the  mechanical compliance 
of the  mechanical elements of t he  s l i p  r ing .  Also, t he re  was no evidence 
of mechanical f a i l u r e  of f r a c t u r e  of t h e  outer  e l ec t rode .  Therefore ,  no 
de le t e r ious  e f f e c t s  could be an t i c ipa t ed  i n  t h e  ETM caused by t h e  
f reez ing  of gall ium. 
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4 . 3 . 3  Noise Tests 
Tests were run t o  determine whether e l e c t r i c a l  noise  is 
developed i n  t h e  gal l ium-electrode junc t ion  of t h e  t e s t  c e l l s .  A 
preliminary ana lys i s  d id  not i n d i c a t e  t h a t  t he re  w a s  any s i g n i f i c a n t  
source of e l e c t r i c a l  noise  expected i n  t h e  e lec t rode- l iqu id  metal sys tem;  
however, i t  w a s  necessary t o  v e r i f y  t h i s  by tes t .  The noise  tes t  consis ted 
of t h r e e  bas ic  measurements: 
an osc i l loscope ,  a measurement using EMC-10 and EMC-25 r ece ive r s ,  and a 
measurement of the noise  generated by t h e  power supply.  T e s t s  were run 
on a t o t a l  of t h r e e  test c e l l s ,  one each o f  tungsten,  tantalum, and 
molybdenum e lec t rodes  which had t h e i r  su r f ace  oxides removed by hea t ing  
t o  1000°C i n  a cont ro l led  atmosphere furnace,  
a coarse  measurement of c e l l  vo l tage  using 
A Tektronic  547 osc i l l o scope 'w i th  a high ga in  d i f f e r e n t i a l  
ampl i f i e r  was connected across  the  ind iv idua l  c e l l s  of tungsten,  tantalum, 
and molybdenum running wi th  5 amps a t  room temperature.  
observed. This coarse  measurement showed t h a t  t h e  noise  l e v e l  was below 
the  100 microvolt  l e v e l  and ind ica t ed  t h a t  t he re  was no severe noise 
problem. 
No noise  was 
A more s e n s i t i v e  noise  t e s t  w a s  run on a tantalum c e l l  f i r s t  
using an EMC-25 r ece ive r .  Three readings were taken, apparent  c e l l  noise ,  
rece iver  no ise ,  and power supply noise .  The power supp ly  noise  w a s  d e t e r -  
mined by measuring t h e  output  across  a 0.1 ohm r e s i s t o r  with 5 amps DC 
flowing. The r e s u l t s  of these  tests are given i n  Table 11. 
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TABLE 11. NOISE MEASUREMFNTS 
Frequency 
14 - 30 kHZ 
30 - 60 
60 - 128 
12 0 -2 6 0 
250 - 520 
.5 - 1.1 mHz 
1.1 - 2.4 
2.3 - 5.3 
5.0 - 11.4 
11.0 - 25.0 
25.0 - 50.0 
50 - 100 
100 - 200 
200 - 500 
500 - 1000 
C e l l  Noise 
Signal  
(micro-volts ) 
.2 
.04 
e 024 
* 02 
e 019 
e 031 
-028 
.018 
.026 
e 016 
.044 
e 062 
.1 
e 063 
.15 
Receiver 
a 018 
e 03 
.018 
.018 
a 017 
.026 
.023 
.016 
.02 
.015 
.043 
,062 
.1 
,063 
.15 
Power Supply 
Noise 
(micro -vol t s ) 
.2 
.05 
e 03 
e 026 
.027 
,034 
.031 
.055 
.06 
.054 
.045 
-
e--- 
---- 
-"-- 
I--- 
Afte r  completion of the  test using t h e  EMC-25 r ece ive r ,  a run 
w a s  made with t h e  EMC-10 . receiver .  The EMC-10 covers the  frequency spectrum 
from 30 Hz. t o  50 kHz. Since the re  w a s  no appreciable  noise  recorded a t  the  
high end of the  spectrum, 14 kHz t o  1000 mHz, t h e  lower end of t h e  spectrum 
w a s  scanned t o  determine i f  any noise  w a s  generated i n  the  test  c e l l .  This 
scanning ind ica ted  t h a t  a l l  t h e  no i se  present  was generated i n  the  power 
supply and t h e r e  was no noise  d i r e c t l y  a t t r i b u t a b l e  t o  t h e  tes t  c e l l .  
The r e s u l t s  of t h e  no i se  tests show t h a t  the noise  generated by the  
power supply is  the  major source of t he  system noise  l e v e l .  The l eve l  o f  
no ise  generated by the  t es t  c e l l  is  n e g l i g i b l e ,  The no i se  produced by o the r  
e l ec t rode  materials i s  the  same a s  t h a t  o f  tantalum a s  determined by o s c i l l o -  
graphic  observat ions e 
2 
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Figure 20 shows the  noise  measuring equipment with Fa i r ch i ld  
EMC-10 and 25  r ece ive r s .  
4 . 3 . 4  S t a b i l i t y  of Oxide 
The ope ra t iona l  s l i p  r i n g  w a s  intended t o  u t i l i z e  the  non-wetting prop- 
er t ies  of  the  oxidized r e f r a c t o r y  metals and gall ium t o  r e t a i n  the  gall ium under 
o r b i t a l  condi t ions  due t o  t h e  c a p i l l a r y  forces .  
l u r g i c a l  d a t a  concerning t h e  s t a b i l i t y  of the oxide sur face  f i l m  i n  vacuum 
a t  nominal temperatures.  
i n  vacuum; t h e r e  was, however, no subs t an t i a t ing  da ta  and s i n c e  oxide can 
There i s ,  however, no metal-  
It was thought t h a t  the  f i l m  would be s t a b l e  a t  8OoC 
a c t u a l l y  be  removed i n  vacuum a t  high temperature,  t he re  did appear t o  be 
v a l i d  reason f o r  performing an eva lua t ion  t e s t .  
The test c e l l  e l ec t rodes  o f  tungsten,  tantalum, and molybdenum had 
t h e i r  oxide removed by hea t ing  them t o  1000°C i n  a con t ro l l ed  atmosphere and 
then f looding the  su r face  with gal l ium. The gal l ium w a s  then removed from the  
per iphery of t h e  e l ec t rodes  by t r e a t i n g  t h e  tungsten and molybdenum e lec t rodes  
with hydrof luor ic  a c i d  and the tantalum with hydrochlor ic  a c i d .  The removal o f  
t h e  gal l ium from the  e l ec t rode  edge re-exposed t h i s  s u r f a c e  t o  a i r  and caused 
i t  t o  re-oxidize.  
The e l ec t rodes  of  tungsten,  tantalum, molybdenum and i n  add i t ion ,  
g raph i t e ,  were assembled i n  a tes t  rack and f i l l e d  with gal l ium, The t e s t  rack 
was l a i d  on  i t s  s i d e  so t h a t  t h e  i n t e r f a c e  between t h e  gall ium and t h e  e l ec t rode  
could be observed f o r  changes while  under vacuum. The lo s s  of the  sur face  oxide 
would a l s o  r e s u l t  i n  a l o s s  i n  t h e  c a p i l l a r y  forces  r e t a in ing  t h e  gall ium and 
the gal l ium would s p i l l  ou t .  
The tes t  rack w a s  l a i d  on i t s  s i d e  on a platform i n  a vacuum chamber, 
a s  shown i n  Figure 2 1 .  The platform w a s  heated t o  approximately 8OoC and a 
vacuum of 10 t o r r  was maintained. There was no cur ren t  i n  the e lec t rodes  
during t h i s  t e s t ,  The test condi t ions  were maintained f o r  four  months. 
-6 
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Figure  20.  Noise Measurement Equipment 
F igu re  21. S t a b i l i t y  of Oxide T e s t  Rack 
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During t h e  t e s t  per iod  no change i n  contac t  angle  between the  
gal l ium and the  e l ec t rode  su r face  w a s  observed, and the re  w a s  no tendency 
f o r  t he  gal l ium t o  s p i l l  out  from between the  e l ec t rode  p l a t e s  even though 
the  rack was subjected t o  a s l i g h t  v ib ra t ion  (due t o  the vacuum pump oper- 
a t i o n )  during t h e  t o t a l  tes t  t i m e .  
It is t he re fo re  concluded t h a t  t h e  non-wetting condi t ions  of  
tungsten,  tantalum, molybdenum, and graphi te  due' t o  t he  oxide are no t  
e f f ec t ed  by vacuum a t  8OoC. 
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5.0 ENGINEERING TEST MODEL DESIGN AND FABRICATION 
The Engineering T e s t  Model (ETM) (See Figure 22)  c o n s i s t s  of 
t en ,  ve r t i ca l ly - s t acked  r ings .  Five d i f f e r e n t  e l ec t rode  mater ia l s - -  
g raphi te ,  beryll ium, molybdenum, tungsten,  and tantalum--are represented,  
but  the  b a s i c  e l ec t rode  conf igura t ion  i s  maintained throughout. Each r ing  
is  made up of a non-rotat ing e l e c t r o d e  having a ga l l ium-f i l led  cav i ty  on 
i t s  upper su r face  and a r o t a t i n g  e l ec t rode ,  e s s e n t i a l l y  a t h i n  c i r c u l a r  
d i sk ,  t h a t  r o t a t e s  wi th in  the  non-rotat ing c a v i t y .  A nominal gap of 
0.050" i s  maintained between the  ro t a t ing  e l ec t rode  and both s i d e s  of 
t h e  c a v i t y ,  The depth of t h e  c a v i t y  is  e s t ab l i shed  by t h e  requirement t o  
maintain cu r ren t  flow a f t e r  l o s s  of 50% of t h e  gal l ium. The ETM design 
f u l l y  m e e t s  t h e  requirement.  
For t h e  g raph i t e  and beryl l ium non-rotating e lec t rodes ,  t h e  cav i ty  
is  machined from a s o l i d  p i ece  o f  m a t e r i a l  (see Figure 23) and bonded t o  a 
Delr in  housing. These e l ec t rodes  were never  t e s t e d  s ince  i t  was decided 
t h a t  g raph i t e  had excess ive ly  high r e s i s t a n c e  and beryl l ium is not  a s u i t a b l e  
material because of ga l l ium a t t a c k .  For molybdenum, tungsten,  and tantalum, 
the  cav i ty  is  formed by t h r e e  120' inner  segments and t h r e e  120° outer  
segments bonded t o  t h e  s i d e s  of a s l i g h t l y  wider cav i ty  i n  t h e  Del r in  
housing. This method was chosen t o  reduce manufacturing cos t s .  Since t h e  
segments can be  r o l l e d  from shee t  metal ,  t he re  was less wasted ma te r i a l  and 
less f a b r i c a t i o n  t i m e  involved. Segmented e lec t rodes  t h a t  have been w e t t e d  
are shown i n  Figure 24. 
Pr io r  t o  f i n a l  assembly of t he  ETM, a sample r i n g  w a s  assembled 
using Epon 815 adhesive and a te ta  c a t a l y s t  t o  bond t h e  e lec t rode  segments 
t o  t h e  Del r in .  
t h e  conclusion of t e s t i n g ,  small gaps had appeared between the  e lec t rodes  and 
t h e  Delr in .  The following f a c t o r s  cont r ibu ted  t o  t h i s  problem: 
The sample r i n g  was then exposed to  125OC f o r  two hours .  A t  
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Figure  22 Engineer ing  T e s t  Model Assembly 
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Figure 2 3 .  Beryl l ium Non-Rotating E l e c t r o d e  
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Figure  24, Wetted Segmented E l e c t r o d e s  
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(1  1 
(2 ) The e l ec t rodes  were s l i g h t l y  out-of-round. 
Del r in  is  a n  extremely d i f f i c u l t  material t o  bond. 
(3  1 Temperature extremes and d i s s i m i l a r  ma te r i a l s  caused high loads 
due t o  thermal expans ion.  
The des ign  s o l u t i o n  w a s  t o  use b o l t s  a s  w e l l  as adhesive t o  a t t a c h  t h e  
e l ec t rodes  t o  the  Del r in .  Another problem discovered during assembly w a s  
t h e  leakage of ga l l ium from the  cavi ty .  I n  order  t o  s impl i fy  f ab r i ca t ion ,  
t h e  Del r in  housing w a s  made i n  two pieces  wi th  a j o i n t  a t  t h e  cav i ty .  It 
w a s  f e l t  t h a t  a c lose  f i t  between t h e  two p a r t s  would r e t a i n  the  gall ium; 
i n  f a c t ,  t he  gall ium leaked through the  j o i n t .  The design f i x  w a s  t o  bond 
a t  t h e  j o i n t  w i th  RTV 102, and t h i s  remedy did s t o p  the  leakage. 
Del r in  w a s  s e l ec t ed  a s  t h e  in su la t ing  ma te r i a l  a f t e r  an  extensive 
inves t iga t ion  of a v a i l a b l e  in su la t ing  ma te r i a l s ,  An i n i t i a l  screening of 
i n su la t ing  ma te r i a l s  w a s  performed e a r l y  i n  the  program. This screening 
produced t h e  following l i s t  of  ma te r i a l s :  
Lexan Polycarbonate 
Noryl Mod. polyphenylene oxide 
Zyte l  101 Polyamide 
Teflon TFF, Fluorocarbon 
Del r in  150 
Teflon FEP Fluorocarbon 
PPO Polyphenylene oxide 
Zyte l  31 Polyamide 
Pol yace t a  1 
I n  add i t ion  t o  the above mater ia l s  Vespel polyamide w a s  a l s o  considered 
because o f  i t s  exce l l en t  vacuum and thermal p r o p e r t i e s ,  I n  s e l e c t i n g  t h e  
1 
i n su la t ing  material f o r  t h e  ETM, a l l  of t h e  p rope r t i e s  i n  para .  3 . 4  
were considered, bu t  t h e  heavies t  emphasis was placed on: 
(1) Dimensional s t a b i l i t y  
(2 1 Manu f ac t u  r a b i l i t y  
(3 1 c o s t  
As a r e s u l t ,  t h e  l i s t  of  candidates  was narrowed t o  three:  Vespel, Del r in ,  
and Lexan. I n  t h e  f i n a l  s e l e c t i o n ,  Lexan and Vespel were el iminated.  
For t h e  r o t a t i n g  e l ec t rodes ,  a s i m i l a r  design r a t i o n a l e  was u t i l i z e d ;  
t he  g raph i t e  and beryl l ium e lec t rodes  a r e  machined a s  one-piece disks  (see 
Figure 25)  whereas the  o thers  c o n s i s t  of t h ree  120' segments bol ted t o  Delr in  
housings.  The ends of t he  r o t a t i n g  e l ec t rodes  a r e  provided with a 10' included 
angle  t ape r ( see  Figure 2 6 ) .  This t ape r  he lps  t o  contain the  gall ium wi th in  the  
cav i ty  by c a p i l l a r y  fo rces .  
The basep la t e  and t h r e e  rods are pre-assembled and accura te ly  al igned.  
The non-rotat ing e lec t rodes  are stacked on t h e  three  rods,  which then hold 
t h e  p o s i t i o n  of  t h e  cavi ty .  
which r o t a t e s  i n  two bear ings,  one mounted i n  t h e  base and t h e  second mounted 
The r o t a t i n g  e lec t rodes  a r e  stacked on a s h a f t  
i n  t h e  top  p l a t e .  The bearings se l ec t ed  f o r  the  ETM are  Fafn i r  type 9108 
lub r i ca t ed  with a few drops of SF 1147, methyl a l k y l  s i l i c o n e  f l u i d .  This 
l ub r i can t  w a s  selected fo r  i ts  l u b r i c a t i n g  and outgassing p rope r t i e s .  The 
top  p l a t e  a l s o  serves  t o  secure  the  non-rotating e lec t rodes  on the th ree  
rods.  A Nimbus ro t a ry  ac tua to r  i s  mounted t o  the  top  p l a t e  and dr ives  t h e  
s h a f t  a t  a very slow speed (approximately 12ilevolutions per day),  
I n  order  t o  avoid tw i s t ing  of the  power l e a d s ,  the  r i n g s  a r e  w i r e d  
i n  p a i r s .  The input  lead goes to  the  non-rotating e l ec t rode  of one r ing .  
The output  l ead  from t h e  r o t a t i n g  e lec t rode  of t h a t  r ing  goes to  the  ro t a t ing  
e lec t rodes  of an ad jacent  r i n g  r a the r  than going d i r e c t l y  t o  t he  ou tpu t ,  
Figure 25 ,  Beryllium Rotating Electrode 
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Figure 26, Cavity Geometry 
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This p a t t e r n  i s  repeated f o r  a l l  f i v e  p a i r s .  Separate s e t s  of  leads are 
provided f o r  each pa i r  of e lec t rodes  SO t h a t  any p a i r  can be removed from 
test without a f f e c t i n g  any o ther  p a i r  of r i n g s ,  I n  the  event t h a t  one 
e lec t rode  o r  p a i r  of e l ec t rodes  f a i l s  open while i n  t h e  vacuum chamber, 
t e s t i n g  of t he  remaining r ings  can continue by removing t h e  f a u l t y  p a i r ,  
Lead w i r e  s i z e s  were se l ec t ed  so t h a t  the  r e s i s t ance  cont r ibu t ion  would be 
small compared t o  t h e  r e s i s t a n c e  of the s l i p  r ing .  The i n i t i a l  s i z i n g  of 
these  l ead  w i r e s  and the  r e l a t i v e  va lue  of t h e i r  r e s i s t ance  is shown in 
Table 1 2 .  
TABU 1 2 ,  
INITIAL ESTIMATE OF OVERALL "ETM" RESISTANCE 
Resistance (ohms) 
Input  lead ( # 8 )  .00262 
I n t e r n a l  lead ( # 1 4 )  - .00009/pair ,00045 
Non-rotating e l ec t rode  j o i n t s  - 
G a l l i u m  - .0001 t o  .OOl/pair 
Rotating e l ec t rode  j o i n t s  - 
I n t e r n a l  lead (#12) - .00017/pair 
Rotating e l ec t rode  j o i n t s  - 
Gallium - ,0001 t o  .001/pair  
Non-rotating e lec t rode  j o i n t s  - 
I n t e r n a l  lead (#14) - .00009/pair 
Input  lead ( # 8 )  
.00010/pair 
e 00020/pair 
.00020/pair 
0001/pair 
TOTAL 
.0050 
,00050 t o  .00500 
.00100 
.00085 
.00100 
.00050 to ,00500 
.0005 0 
.00045 
.00262 
,0110 t o  .0200 
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Each 120° segment of t h e  segmented e l ec t rodes  is provided with a 
t a b  f o r  attachment o f  a power lead .  Each one-piece e l ec t rode  has  t h r e e  
machined t abs  f o r  l e a d s ,  An e l e c t r i c a l  connection f a i l i n g  during opera t ion  
a t  one o r  two t abs  would raise t h e  r e s i s t a n c e  but  would not  prevent opera t ion  
due t o  t h e  b u i l t - i n  redundancy. Due t o  t h e  s i z e  o f  t h e  power l eads ,  it i s  
necessary t o  provide support  f o r  them. This i s  accomplished by ty ing  them 
t o  t h e  t h r e e  rods a t  f requent  i n t e r v a l s ,  Mechanical means a r e  used t o  a t t a c h  
leads  t o  the  e l ec t rodes .  Lugs a re  crimped t o  t h e  w i r e  l eads ,  and the  l u g  is 
then b o l t e d  t o  the t a b  of the  e lec t rode .  The r e s i s t ance  of t h e  r e s u l t a n t  
j o i n t  i s  s u f f i c i e n t l y  low f o r  our  app l i ca t ion .  Brazing of  t h e  leads  t o  the 
r e f r a c t o r y  metals w a s  considered b u t  ru led  out  due t o  development r i s k  ~ 
The assembly w a s  made as l a r g e  as poss ib l e  wi th in  the  space l i m i t a t i o n s  
of t h e  vacuum chamber (maximum assembly he ight  36", maximum assembly diameter 
17"). 
s imp l i fy  assembly. One assembly procedure t h a t  w a s  made s i g n i f i c a n t l y  e a s i e r  
by t h e  increased s i z e  w a s  t he  f i l l i n g  of  t h e  c a v i t y  with gal l ium. 
t o  a s su re  proper gal l ium depth,  a sample r i n g  w a s  f i l l e d  to  t h e  des i red  
depth and t h e  volume of ga l l ium required w a s  measured. 
of  t h e  ETM r ings ,  equal  volumes of  gal l ium were inse r t ed  i n t o  each r ing .  
Large r i n g s  are des i r ab le  t o  optimize machining to l e rances  and t o  
I n  order  
I n  subsequent f i l l i n g  
I n  order  t o  reduce the  r e s i s t a n c e  between the  gal l ium and t h e  e l ec -  
t rodes ,  it i s  necessary t o  w e t  t he  e lec t rodes  wi th  gal l ium before  an oxide 
f i lm  can be formed, This i s  accomplished by heat ing the  e l ec t rodes  i n  a 
con t ro l l ed  atmosphere furnace to  1000°F t o  remove t h e  e x i s t i n g  oxide,  
furnace i s  then  cooled and f i l l e d  with argon gas .  While s t i l l  i n  t h e  
argon environment t h e  e lec t rodes  a r e  wet ted with gal l ium as previously 
descr ibed 
The 
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Capi l l a ry  forces  are u t i l i z e d  t o  r e t a i n  t h e  ga l l ium i n  the 
e l ec t rode  cavi ty .  There are a number of parameters which inf luence  
t h e  c a p i l l a r y  fo rce ;  t hese  include su r face  rough, c a v i t y  geometry, 
oxides on t h e  gal l ium sur face ,  and oxides and water vapor on the s o l i d  
e lec t rodes ,  The cav i ty  geometry i s  shown in Figure 2 6 .  
For two p a r a l l e l  p l a t e s ,  the  c a p i l l a r y  depression i f  t h e  f l u i d  is 
non-wetting is: 
For gal l ium assuming a .05" e l ec t rode  separat ion:  
a = 735 dynes/cm 
P = 6 . 1  grams/cc 
8 = 135 degrees (based on tests with r e f r ac to ry  metals)  
g = 980 cm/sec/sec 
r ( .05/2) (2.54) c m  
2 (735) ( .707)  
980 (6.1)  (.025 x 2 . 5 4 )  
h =  
= 2.74  cm 
For a gal l ium depth o f  0.3" and a length  of one cm,  t he  r e t a in ing  fo rce  
i n  g ' s  i n  the  long i tud ina l  d i r e c t i o n  is: 
I 
. .  
i 
i 
where h = c a p i l l a r y  depression, cm 
hg = physical  he igh t  of gall ium, c m  
= 3 . 6  g ' s  2.74 . 3  x 2'.54 f =  
I n  t h e  l a t e r a l  directLon, t h e  e f f e c t i v e  height  is t h e  diameter of the  
e l ec t rodes ,  4". I n  t h i s  d i r e c t i o n ,  the  r e t a i n i n g  f o r c e  is: 
- . 26  g ' s  2.74 4 x 2.54 € 5  
Thus, t h e r e  is no problem o f  r e t a i n i n g  t h e  l i q u i d  metal  i n  any d i r e c t i o n  i n  
a zero g r a v i t y  environment. 
l i q u i d  m e t a l  would be frozen t o  preclude s p i l l a g e .  
I n  o r d e r  t o  v e r i f y  t h e  e l e c t r i c a l  i n t e g r i t y  of the  e l ec t rode  assem- 
I n  cases  where l a r g e  g-forces a r e  expected, the 
b l i e s ,  e l e c t r i c a l  r e s i s t a n c e  data  w a s  taken of each assembly. This da t a  
would show i f  t h e r e  were any areas of excessive r e s i s t a n c e .  There are two 
areas of s p e c i a l  concern: t h e  mechanical j o i n t  between the  lead and e l ec t rode ,  
and t h e  electrode-to-electrode r e s i s t a n c e  through the  gall ium. A mechanical 
j o i n t  was used between leads and e l ec t rodes  because of t h e  p o t e n t i a l  problems 
of brazing o r  welding t o  the  r e f r a c t o r y  metals. 
t h a t  r e l a t i v e l y  l o w  j o i n t  r e s i s t a n c e s  of less than a milli-ohm could be 
expected even though the contact  a r ea  i s  small and t h e  e l ec t rode  su r face  is 
oxidized. The electrode-to-electrode r e s i s t a n c e  through the gall ium should 
be checked i n  order  t o  v e r i f y  t h a t  t h e  oxide has been properly removed from 
the e l ec t rode  su r faces  e The r e s i s t a n c e  was  determined by c i r c u l a t i n g  
20 amps dc through t h e  assembly and measuring vo l t age  drops with a d i g i t a l  
vol tmeter .  This technique gives t h e  o v e r a l l  r e s i s t a n c e  between the e l ec t rodes  
Preliminary tests indicated 
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and i s  not an ind ica t ion  of the e f f ec t iveness  of t h e  wet t ing  of the 
e n t i r e  e l ec t rode  su r face ,  
show t h e  degree t o  which the e lec t rode  su r face  is  wetted could be de t e r -  
mined by having a small bubble of gal l ium placed between the  e lec t rodes ,  
placing the e lec t rodes  on t h e i r  periphery,  with t h e i r  a x i s  hor izonta l  
and r o t a t i n g  them slowly about t h i s  ax i s ,  not ing any va r i a t ions  i n  
vol tage  drop, 
Localized r e s i s t ance  readings which would 
The r e s u l t s  of these  t e s t s  are summarized in  Table 13and the  
loca t ion  of t h e  po in t s  f o r  r e s i s t a n c e  readings is  shown schematically 
i n  Figure 2 7 .  The major conclusions tha t  can be drawn from these tests 
are as follows: 
(1 1 
(2 1 
( 3  1 
The leads  are the s i n g l e  major source of r e s i s t ance .  
The j o i n t  r e s i s t a n c e  i s  genera l ly  smal l .  
The e lec t rode- to-e lec t rode  r e s i s t ances  a r e  somewhat higher than 
expected. 
As w a s  expected from t h e  ca l cu la t ions  performed i n  t h e  design 
above, t h e  lead r e s i s t ance  i s  a s i g n i f i c a n t  port ion of t he  e n t i r e  e l ec -  
t rode assembly r e s i s t ance .  Lead r e s i s t ance  could be reduced by e i t h e r  
using heavier  lead w i r e  o r  pu t t i ng  add i t iona l  leads i n  p a r a l l e l .  Heavier 
lead w i r e  than #8 AWG which is  present ly  used w i l l  present  ' d i f f i c u l t i e s  i n  
handling and attachment;  t he re fo re ,  an add i t iona l  lead i n  p a r a l l e l  might be 
preferab le  
The j o i n t  r e s i s t ance  was the  next most s i g n i f i c a n t  r e s i s t ance ,  being 
about an o rde r  of  magnitude l e s s  than t h a t  of t h e  l eads .  The magnitude of 
t he  j o i n t  r e s i s t a n c e  was highly va r i ab le  varying from .00008 ohms for  
. ,.?, 
? 
tungsten #2 t o  .001 ohms fo r  molybdenum #lo This v a r i a t i o n  is  probably 
t h e  r e s u l t  of many f a c t o r s ,  such as e l ec t rode  oxide th ickness ,  t i gh tness  
of connection, and local ized pressure .  
Electrode 
Assembly t o  
Terminal 
1-6 
Molybdenum 
# 1 
v 2  
Tantalum 
.011 
003 1 
# 1 e 0032 
#2 013 
Tungsten 
if 1 .0033 
# 2 .004 
TABLE 13. 
Resistance* (ohms) 
Lead 
5 -6 
- Lead _s_ J o i n t  Elect rode J o i n t  
 4 -5 =Gallium 2 -3  1-2 
-Electrode 
3-4 
.0013 
a 0013 
,0013 
e 0015 
,0014 
e 0015 
e 001 .000025 
e 00005 .000015 
.00015 ,000015 
e 00017 .000015 
00015 D 0001 
.00008 .0008 
e 0006 a 001 ----- * 012* 
.0005 e 0023 
,00007 .0016 
~ ~ 
;v See Figure 27  f o r  phys ica l  loca t ions  of tes t  po in t s  f o r  r e s i s t a n c e  readings.  
,%, 
.Tad. Cl ip  leads  used during r e s i s t a n c e  measurement t e s t ,  
The e lec t rode- to-e lec t rode  r e s i s t a n c e  i s  h igher  than expected 
based on t h e  r e s i s t a n c e  of t h e  test cel ls .  For t h e  tantalum and molybdenum 
e lec t rodes ,  the r e s l s t a n c e  w a s  approximately 15 x low6 ohms f o r  a su r face  
a r e a  o f  about 6 square inches.  The same ma te r i a l s  i n  a .test c e l l  had a 
r e s i s t ance  of approximately 10 x 10 
The n e t  d i f f e rence  i s  about one order  of magnitude. I n  add i t ion ,  t he  
tungsten e lec t rode  r e s i s t ance  was a t  least an  order  of magnitude g r e a t e r  
than e i t h e r  the tantalum and molybdenum. A poss ib l e  explanat ion of  t h i s  
-6 ohms for  1/2  square inch su r face  a rea .  
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- Inner Electrode 
. Outer Electrode 
- Gallium 
Figure 27 a T e s t  Point  Locations f o r  Resistance Readings 
Designations: 
1-6 Terminal t o  terminal  
1-2 Lead 
2 -3 J o i n t ,  ou ter  e l ec t rode  
3 -4 Outer e l ec t rode  t o  inner  e l ec t rode  through gal l ium 
4 -5 J o i n t ,  inner  e l ec t rode  
5 -6 Lead - tungsten #1 and #2 
Cl ip  lead  - molybdenum #1 
tantalum #2 
higher  e lec t rode- to-e lec t rode  r e s i s t a n c e  i n  t h e  engineering test model 
l ies  i n  t h e  method of e l e c t r o d e  prepara t ion .  The tes t  ce l l  e l ec t rodes  
were f i r s t  pol ished wi th  emery c l o t h  t o  a n  8 micro-inch f i n i s h  p r i o r  t o  
having t h e  oxide removed by t h e  heat ing technique. 
model e lec t rodes  d id  not  go through t h i s  procedure p r i o r  t o  having the  
oxide removed. The pol i sh ing  might have been e f f e c t i v e  i n  removing a 
tenacious por t ion  of t he  oxide which was no t  completely removed by t h e  
hea t ing  procedure. 
The engineering test 
f 
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6.0 ENGINEERING TEST MODEL TESTS 
Tes t s  w e r e  run on t h e  engineering test model i n  o rde r  t o  de t e r -  
mine t h e  opera t iona l  c h a r a c t e r i s t i c s  and t o  demonstrate t h e  v a l i d i t y  of 
t he  des ign  conf igura t ion  concept. 
t h e  tests t o  be run,  t he  test  procedure t o  be followed, t h e  tes t  sequence, 
and t h e  required tes t  apparatus .  
model cons is ted  of  the  following major pa r t s :  
A test p lan  w a s  prepared which def ined 
The tes t  program f o r  t h e  engineer ing 
(1)  P re - t e s t  examination and check-out 
( 2 )  A i r  tests 
( 3 )  T e s t  evaluat ion 
( 4 )  Vacuum tests 
(5 )  Pos t - t e s t  eva lua t ion  
The bas i c  tes t  philosophy was t o  run t h e  engineer ing tes t  model i n  s t e p s  
of progress ive ly  a d d i t i v e  opera t ing  condi t ions ,  
t inuous ly  monitor and a s ses s  the  model's performance so t h a t  any i n c i p i e n t  
f a i l u r e  could be de tec ted  with ample opportuni ty  t o  take  remedial a c t i o n .  
This w a s  done t o  con- 
6 . 1  PRE -TEST EXAMINATION AND CHECK-OUT 
Af te r  f i n a l  assembly of t he  engineer ing tes t  model, a p re - t e s t  
examination and check-out w a s  conducted including c learances ,  e l ec t rode -  
t o - insu la t ion  bonds, hand r o t a t i o n ,  motor r o t a t i o n ,  inspec t ion  of power 
l eads ,  instrumentat ion wir ing ,  and gal l ium level. 
During t h i s  check-out, it was noted t h a t  when hand ro t a t ed  some 
semi-solid ma te r i a l  was being e j ec t ed  from t h e  beryl l ium and from one o f  
t he  graphi te  e l ec t rodes .  Since these  e l ec t rodes  would not be funct ioning 
e l e c t r i c a l l y  i n  t h e  engineering t e s t  model, a s  much gal l ium as poss ib l e  
was removed from t h e  e lec t rodes  t o  preclude any add i t iona l  formation of t h i s  
contaminat ion a 
Very small  q u a n t i t i e s  of t h i s  semi-solid comtamination were 
observed i n  some of t h e  o the r  e l ec t rodes .  It was decided t h a t  s i n c e  
the  rate o f  formation of t he  material on the  o the r  e lec t rodes  was s o  
small t h a t  t h e  tests should be continued t o  determine whether t h e  
contamination formation continued o r  n o t .  It was postulated tha t  t h e  
ma te r i a l  w a s  probably a n  oxide of  gal l ium i n  t h e  tantalum, molybdenum 
and tungsten e lec t rodes .  
l a rge  q u a n t i t y  of contamination i n  the  beryl l ium e lec t rodes  w a s  the 
r e s u l t  of a beryll ium-gallium reac t ion .  I n  the  case o f  t he  graphi te  
e lec t rodes ,  i t  w a s  theorized that the l a rge  wolume of contamination was 
perhaps due t o  p a r t i c l e s  of g raph i t e  which had not been removed from the  
e lec t rode  cav i ty  phys ica l ly  mixing with the  gal l ium and gall ium oxide.  
It w a s  a l s o  theor ized  t h a t  t h e  reason f o r  t h e  
I n  a l l  the  e l ec t rodes ,  t h e  gal l ium l eve l  appeared unchanged. 
Upon a c l o s e  examination, t he  top of t h e  gall ium appeared covered by a 
grey f i l m  s i m i l a r  t o  t h a t  previously observed on top of gall ium i n  the  
test  c e l l  8. 
6.2 A I R  TESTS 
A i r  tes ts  were t h e  f i r s t  a c t u a l  opera t iona l  tests of the  
engineer ing t e s t  model. The purpose of these  tests was t o  v e r i f y  the  
opera t iona l  i n t e g r i t y  of the  u n i t  so t h a t  i t s  funct ion would be known 
and v e r i f i e d  p r i o r  t o  t h e  vacuum tes ts .  During t h e  vacuum tests,  i t  woilld 
be impossible t o  v i s u a l l y  observe the o p e r a t i o n  o f  t he  u n i t .  
would be poor s ince  t h i s  would e n t a i l  breaking the  vacuum and removing the 
b e l l  j a r  cover from the  chamber. During vacuum tes t s ,  t he  only r e a l  i n f o r -  
mation a v a i l a b l e  from t h e  engineering t e s t  model would be cu r ren t ,  temp- 
e r a t u r e  and vol tage  readings from t h e  e l ec t rodes  together  with vol tage  
and p o s i t i o n  ind ica t ions  from the d r i v e  motor. 
Access ib i l i t y  
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As p a r t  of t h e  a i r  tes ts ,  v i s u a l  inspect ion,  d i e l e c t r i c  
s t r eng th ,  app l i ca t ion  of cu r ren t  and r o t a t i o n  w e r e  performed. 
The v i s u a l  inspec t ion  was a determinat ion of  t h e  mechanical and e l ec -  
t r i c a l  i n t e g r i t y  of the ETM. The following i t e m s  were checked: 
c learance ,  hand and motor r o t a t i o n ,  leads,  wir ing,  w i r e  connections,  
gal l ium level., gall ium leakage. Upon cqmpletion of the v i s u a l  
inspec t ion ,  a d i e l e c t r i c  test was run. 
6.2.1 D i e l e c t r i c  Strength Test 
I n  order  t o  v e r i f y  the  e l e c t r i c a l  i n t e g r i t y  of i n su la t ion  
system on the engineering t es t  model, a d i e l e c t r i c  s t r eng th  test was 
run. 
vo l tage  of t he  u n i t  because of the concern t h a t  an e l e c t r i c a l  breakdown 
might cause permanent damage which would n e c e s s i t a t e  r epa i r  i n  order t o  
be ab le  t o  run any f u r t h e r  e l e c t r i c a l  tests,  The t e s t  procedure consis ted 
of applying the  test  input vo l tage  between input  l i n e  and ground with a 
No at tempt  was made t o  determine t h e  u l t ima te  d i e l e c t r i c  breakdown 
maximum cur ren t  l i m i t a t i o n  set on t h e  test instrument.  The vol tage was 
then increased i n  s t e p s  t o  a pre-determined maximum vol tage and held a t  
t h i s  vo l tage  for two minutes; an AC vol tage  was used even though the 
engineering model i s  b a s i c a l l y  a DC device,  an AC d i e l e c t r i c  tes t  being 
somewhat more severe than a DC tes t  for  the same peak vol tage  condi t ions .  
The d i e l e c t r i c  tests were run i n  a i r  a t  room temperature and humidity con- 
d i t i o n s  wi th  t h e  engineer ing model mounted i n  t h e  vacuum chamber but with the 
b e l l  jar o f f ,  
S p e c i f i c a l l y ,  the  AC vol tage between l i n e  and ground was increased 
i n  250 v o l t  steps s t a r t i n g  at 500 v o l t s  peak. The d i e l e c t r i c  t e s t e r  
c i r c u i t  breaker was s e t  t o  t r i p  a t  20 microamps leakage c u r r e n t ,  It was 
decided t h a t  the upper l i m i t  of test vol tage  t h a t  would be appl ied t o  the 
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model would be 3000 v o l t s  peak and t h a t  the  maximum allowable leakage 
cur ren t  would be  20 microamps. 
t h e  vo l t age  on the u n i t  taken up t o  3000 v o l t s  peak and held there  f o r  
two minutes with t h e  leakage c u r r e n t  less than 20 microamps. There d id  
not appear t o  be any tendency t o  breakdown. 
3000 v o l t s  is, the re fo re ,  a t  least 150 x 10  ohms. 
The t e s t  was success fu l ly  run with 
The r e s i s t ance  t o  ground a t  
6 
6.2.2 Engineering Test  Model Checkout 
Current was appl ied  t o  the engineer ing tes t  model. I n i t i a l l y ,  a 
small cur ren t  w a s  appl ied  t o  t h e  ETM, approximately 10  amps, f o r  a per iod 
of s eve ra l  hours .  E lec t rode  vo l t ages ,  temperatures and the gal l ium l eve l  
w a s  monitored. Since t h e  ETM appeared t o  be funct ioning properly a t  
10 amps, t h e  cur ren t  was subsequently increased i n  s t e p s  t o  25,  50 and 
100 amps. The cur ren t  w a s  held a t  the  25 and 50 amp l eve l  f o r  about two 
hours and then a t  t h e  100 amp l e v e l  f o r  e igh t  hours .  No adverse e f f e c t s  
were observed i n  the ETM. 
With the  engineer ing tes t  model car ry ing  cu r ren t  a t  t h e  100 amp 
l e v e l ,  t h e  d r i v e  motor was energized.  Motor r o t a t i o n  tes ts  were run to  
determine the  motor speed and t o  v e r i f y  the  l i m i t s  o f  r o t a t i o n  i n  e i t h e r  
d i r e c t i o n .  It w a s  c r i t i c a l  t h a t  the  angular  r o t a t i o n  of the  d r ive  motor be 
l imi t ed  to  approximately t 2 revolu t ions  from the c e n t e r  pos i t i on  so  t h a t  
t h e  vo l t age  sensor  leads a t tached  t o  the  e lec t rodes  would not be sheared 
off. Motor r o t a t i o n  w a s  l i m i t e d  t o  less than +, 2 revolut ions by using a 
t i m e r  which reversed the  p o l a r i t y  of motor a t  s e t  i n t e r v a l s .  This timer 
was se t  t o  reverse  the  r o t a t i o n  every If hours .  
Rotat ional  tests were run for  f i v e  days i n  a i r  and with 100 
amps e l ec t rode  cu r ren t  e No add i t iona l  contamination was observed being 
e j ec t ed  from the  e lec t rodes  and temperatures and vol tages  remained 
s t a b l e  
, 
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Afte r  t h e  completion of t h e  a i r  tes ts ,  t h e  FITM w a s  v i s u a l l y  
examined t o  v e r i f y  the  e lectr ical  and mechanical i n t e g r i t y .  
o r  e lectr ical  changes w e r e  noted. The gall ium l e v e l  was checked and t h e  
in t e r - e l ec t rode  space w a s  examined f o r  contamination build-up . 
gallium level i n  a l l  e l ec t rodes  d i d  n o t  change and no s i g n i f i c a n t  addi- 
t i o n a l  contamination build-up w a s  observed i n  the  e l ec t rode  c a v i t i e s .  
No mechanical 
The 
6.3  VACUUM TESTS 
P r i o r  t o  running t h e  long-term vacuum tests,  a preliminary test  
was run i n  vacuum on the  engineering test  model. Figure 2 8  shows the  
functioning of t h e  u n i t  and i t s  i n a c c e s s a b i l i t y  when it  w a s  i n  t h e  vacuum 
chamber. Any anomaly t h a t  might occur under these condi t ions could go 
undetected u n t i l  t he  completion of the t e s t  and t h e  removal of the b e l l  
jar. The ETM was mounted i n  the vacuum chamber, baked-out, and pumped 
down t o  approximately t o r r  f o r  24 hours. 
applied t o  t h e  s l i p  r i n g s ,  t he  d r i v e  motor w a s  energized and the  u n i t  run fo r  
5 days. During t h i s  per iod,  the  e l ec t rode  r e s i s t a n c e  and temperature were 
monitored with no unusual o r  i ncons i s t en t  r e s u l t s  noted. A t  t h e  completion 
of t h i s  preliminary tes t ,  t he  vacuum w a s  broken, t he  b e l l  j a r  removed and 
t h e  ETM examined. There w a s  no evidence of contamination being e j ec t ed  
from the  e l ec t rodes  and t h e r e  d i d  not appear t o  be any add i t iona l  contamin- 
a t i o n  on t h e  su r face  of t he  gall ium o r  i n  the e l e c t r o d e  cav i ty .  
no change i n  the appearance of t he  contamination f l o a t i n g  on the gallium. 
A s l i g h t  leakage of gall ium was noted on one e l ec t rode  assembly, apparently 
occurring through bne Delr in  j o i n t .  This leakage w a s  unexpected s ince  
the re  had been no evidence of gall ium leakage throughout the e n t i r e  
previous h i s t o r y  of assembly, checkout and a i r  t e s t i n g .  
A cur ren t  of 10 amps w a s  
There w a s  
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Figure  28,  Engineer ing  T e s t  Model, L iquid  Metal S l i p  Ring, P r f o r  t o  Vacuum T e s t  
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There is  no obvious explanat ion f o r  t h i s  occurrence s i n c e  
t h e  Del r in  is  non-wetted by gal l ium and the  Delrin p a r t s  a r e  bol ted  
toge ther  minimizing t h e  poss ib l e  s i z e  of  the  j o i n t s .  
t i o n  f o r  t h i s  leakage is t h a t  s i n c e  it  occurred only under vacuum condi- 
t i o n s ,  the ga l l ium was forced out  through the  j o i n t  by outgassing d u e  to 
the vacuum environment, I n  order  t o  prevent t he  reoccurrence of t h e  leakage, 
a l l  j o i n t s  on t h e  bottom of t h e  Del r in  w e r e  sea led  with RTV, A checkout 
was made by p u t t i n g  t h e  tes t  model under vacuum f o r  two days. A f t e r  t h i s  
per iod under vacuum, the ETM w a s  re-examined and t h e r e  was no evidence of 
any gal l ium leakage. 
A poss ib l e  explana- 
Af te r  the  completion o f  t h e  prel iminary vacuum tes ts ,  the  long 
term vacuum tes ts  were s t a r t e d .  The i n i t i a l  vacuum runs were a t  25 amps. 
This cur ren t  l e v e l  w a s  maintained f o r  f i v e  days so as t o  complete t h e  
outgassing of t h e  engineering model and t o  monitor t h e  temperature r ise ,  
Af t e r  a t t a i n i n g  a vacuum of 10 t o r r ,  t he  cur ren t  w a s  increased t o  50 amps. 
Although the temperatures measured i n  the  s l i p  r ings  were no t  excessive,  
t he  maximum being 145 F, it w a s  decided no t  t o  increase the  magnitude of 
cur ren t  any fu r the r .  
da t a  a t  50 amps than t o  r i s k  a poss ib l e  f a i l u r e  a t  100 amps before  meaning- 
f u l  d a t a  could be obtained.  Another cons idera t ion  was t h a t  most of t h e  
lo s ses  and hea t ing  i n  the s l i p  r i n g  occurred i n  t h e  power l eads  r a t h e r  than 
i n  t h e  e l ec t rodes  o r  i n  the  l i qu id  metal .  Therefore,  tests a t  h igher  
cur ren t  l e v e l s  would be a tes t  of t h e  leads  and would not  necessa r i ly  be 
s i g n i f i c a n t  from the s tandpoint  of t h e  engineer ing test  model des ign  
concept. 
model f o r  as long as poss ib le  t o  determine what happens t o  t h e  gall ium 
contamination under t h e  condi t ions of high vacuum. 
-7 
0 
It w a s  f e l t  t h a t  i t  was of more importance t o  ob ta in  
It was a l s o  deemed important t o  be a b l e  t o  run  the  engineer ing 
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The tes t  r e s u l t s  of t he  vacuum tests a r e  given i n  Table 14. 
The e l ec t rode  r e s i s t a n c e  as measured i n  t h e  s l i p  r ing  is  higher than t h a t  
of t h e  e l ec t rode  assembly ( see  Table 13, Sect ion 5.0). There is  no 
apparent reason  f o r  t h i s  except t h a t  perhaps some of t h e  gall ium wet t ing  
t h e  e l ec t rodes  w a s  inadver ten t ly  wiped of f  during the  handling necessary 
t o  bond and b o l t  t h e  e l ec t rodes  t o  the  Del r in  in su la t ion .  It does not 
appear t h a t  the  r e s i s t ances  were not  measured accura te ly  s i n c e  t h e r e  is a 
c o r r e l a t i o n  between t h e  high res is tance and temperature.  The tungs t e n  
r ings  which had t h e  l a r g e s t  r e s i s t a n c e  had t h e  h ighes t  temperature.  The 
s i g n i f i c a n t  r e s i s t a n c e  i n  the  engineer ing tes t  model i s  the lead r e s i s t a n c e .  
The terminal- to- terminal  r e s i s t a n c e  is approximately 0.01 ohms while  the 
t o t a l  e l ec t rode  t o  gal l ium s l i p  r i n g  r e s i s t a n c e  i s  probably less than 
0.003 ohms of the  t o t a l  s l i p  r ing  r e s i s t ance ,  approximately one-half 
occurr ing i n  a s i n g l e  tungsten e l ec t rode ;  t yp ica l  e l ec t rode  r e s i s t ance  is  
approximately 0.0003 ohms, 
The temperature rise of t h e  engineer ing tes t  model w a s  q u i t e  
small, about 10°F a t  2 5  amps and 40°F a t  50 amps. 
da t a ,  t he  temperature rise a t  100 amps would be 160 F,  most of t h i s  temp- 
e r a t u r e  r i s e  being the r e s u l t  of lead  r e s i s t a n c e  
Extrapolat ing t h i s  
0 
The s t a b i l i t y  of  t h e  r e s i s t a n c e  and temperature over the per iod of  
t e s t i n g  w a s  ve ry  good. There d id  not appear t o  be any cons i s t en t  long 
t e r m  d r i f t  i n  e i t h e r  r e s i s t a n c e  o r  temperature t h a t  would ind ica t e  an 
increase  of e l ec t rode  r e s i s t a n c e  a 
TABLE 14 
TEST RESULTS VACUUM TESTS 
R e s  i stance and Temperature 
1 I 
Input  Tungs t e n  Molybdenum k Tantalum 
Base i Elec t rodes  
( v o l t s )  : 412 I1 12 #1 I i12 I 
I i 
Elec t rodes  Elec t rodes  
i 
T i m e  Current 
(amps) 
I 
.00052 Q .00041fl .0001240 .000116 Q .000328 Q -- >k I n i t i a l  run 25 ,234 
95'F 95'F 90°F 90°F 90°F 90°F 90°F 
.000232Q .000112 D .000324 R F i n a l  (+5 days) 25 .229 1 .00054 Q .0004 0, 
90°F 90°F 90°F 90°F 90°F 90°F 90°F 
I 1 I 
* 1 .000170 .000156 Q 1 .000340Q I n i t i a l  run 50 .522 .00064 Q 1 .00041 Q 
125'F 125OF 142OF I 135'F 125OF I 125OF 125'F I 
+ 3 Weeks 50 .504 ,00078 Q 1 .0004l Q 1 * * 1 .000148 D .000334 Q 
+ 6 Weeks 50 .486 * I .000142 .000350 D 
I 
145'F 135'F 125'F 125'F 125OF ; 125'F 125OF 
I 
' 125OF 125OF 125OF 125'F 
* INSTRUMENTATION LOST, OPEN CIRCUIT.  
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6 . 4  POST -TEST EXAMINATION 
After  t h e  completion of t h e  long-term vacuum tests,  a p o s t - t e s t  
eva lua t ion  w a s  made of t h e  engineering tes t  model. The b e l l  j a r  w a s  
removed and the  ETM w a s  examined f o r  mechanical and e l e c t r i c a l  i n t e g r i t y  
and t o  determine whether t he re  w a s  any physical  degradation as a r e s u l t  
of operat ion.  
mechanically, e l e c t r i c a l l y ,  o r  s t r u c t u r a l l y ,  except f o r  one molybdenum 
There w a s  no observable evidence of d e t e r i o r a t i o n  
e l ec t rode  which appeared t o  have t h e  gall ium wiped o f f  as i f  t he re  were 
mechanical rubbing (see Figure 29) .  This  e l ec t rode  had been completely 
wetted,  both i n s i d e  and ou t s ide ,  p r i o r  t o  assembly. Although the  ou t s ide  
appeared t o  have t h e  gall ium wiped o f f ,  t h e  i n s i d e  diameter was s t i l l  
completely wetted. There were c e r t a i n  s i g n i f i c a n t  changes in  the gall ium. 
Figure 30 shows t h e  e l ec t rode  cav i ty  of tantalum e lec t rode  ill; a mottled 
grey contamination on t h e  gall ium can be  observed. 
Although not e l e c t r i c a l l y  energized, t he re  w a s  evidence of 
e x t e r n a l l y  e j e c t e d  contamination from the  beryll ium e l ec t rodes ,  t h i s  
contamination being grey i n  c o l o r .  The gallium i n  t h e  o the r  e l ec t rodes  
had contamination f l o a t i n g  on i t .  Regardless of e l e c t r o d e  mater ia l ,  
tungsten,  tantalum, o r  molybdenum, the contaminant had t h e  same appearance; 
l i g h t  and darker grey f l o a t i n g  contamination wi th  some par t ic les  of very 
dark grey material (see Figure 31). There w a s  no evidence of gall ium 
leakage o r  s p i l l a g e .  There a l s o  was no evidence of any of the gall ium 
having been vaporized o r  condensing anywhere. After  t he  p o s t - t e s t  
examination, a gall ium su r face  contamination study w a s  conducted, 
a 
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Figure 29 I) Molybdenum Electrode 
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Figure 30. Tantalum Electrode 
igure 31, e Ilium Contamination; Dark Grey Contamination from Bottom 
of Tantalum E l e c t r o d e  fl (on l e f t ) .  On right, Gallium from Electrot  de. 
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7 ,O SURFACE C O N T ~ I N I I \ T I O N  STUDY 
Samples of su r face  contamination were removed from t h e  e l e c -  
t rodes of t h e  engineer ing  test  model while the model w a s  maintained 
under an i n e r t  atmosphere of argon and ni t rogen.  This was done by 
e r e c t i n g  a p l a s t i c  t en t  having hand p o r t s  around the vacuum chamber. 
ne: was ff1Ped wi th  argon and the vacuum chamber was back 
f i l l e d  wi th  a gone 
and e l e c t r o d e  contamination samples were l i f t e d  out  using a wire loop 
of s t a i n l e s s  steel .  While s t i l l  under the  i n e r t  atmosphere, the  con- 
The b e l l  jar  was then l i f t e d  from the chamber 
tamination was placed i n t o  individual  b o t t l e s .  This was done t o  
prevent oxidat ion o r  hydration of t h e  sample contaminants by the 
atmosphere a f t e r  t h e  vacuum environment, 
Emission spectroscopy was i n i t i a l l y  performed on the con- 
tamination from the molybdenum e lec t rode  cavi ty ,  e l ec t rode  # 4 .  Then, 
emission tests were run on the  contamination from a l l  the e l ec t rodes .  
Tke r e s u l t s  of these tests a r e  given i n  Table 15. From the r e s u l t s  of 
t h e  emission tests, t h e r e  a r e  very s t rong  ind ica t ions  t h a t  t h e  e l e c -  
t rode materials have no t  passed i n t o  s o l u t i o n  and absorbed by the  gall ium. 
The only ind ica t ion  of e l ec t rode  material i n  the contamination is a t r a c e  
of molybdenum i n  the  g a l  ium from molybdenum e l e c t r o d e  #3 .  
o the r  elements were recorded; these included copper, t h e  s t r o n g e s t ,  
Traces of 
aluminum, i ron ,  magnesium, manganese, and s i l i c o n .  It is  believed t h a t  
contamination by these  materials took place during e i t h e r  the f a b r i c a t i o n  
o r  assembly cyc le .  
i 
X-ray diffraction tests were run on a number of samples in order 
to determine the presence of oxides, hydrated oxides, or hydroxides of 
gallium. The results of the diffraction tests are given in Table 16. 
TABLE 15 
EMISSION TESTS ON CONTAMINATION 
Emission Spectroscopy 
A. Contamination from molybdenum electrode cavity, electrode #4 
Strong indication - Ga 
Trace indications - Sn, Cu, Mo, AI, Fe, Mg, Mn, Si 
B. Contamination from all electrodes 
Elements Present 
Cuugg 
M T T T  
M T T T  
Mn si Other 
T T  
T T  -- 
Mo T M  
-- 
Ga 
S 
S 
S 
--- 
S 
S 
S 
Electrode Material 
Ta 
Ta 
Mo 
. Mo 
W 
W 
Electrode No. 
1 
2 
3 
4 
M T T T  
Insufficient Sample 
5 M T T T  T T  -- 
Ca T M  6 M T T T  
99.9999% Ga 
S = Strong Indication 
M = Moderate Indication 
T = Trace Indication -- = No Indication 
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TABLE 16 
EMISSION TEG'S: RESULTS 
A.  Air-exposed gal l ium 
B .  Contamination from tungsten 
e l ec t rode  cav i ty  
C .  Contamination from tantalum 
e lec t rode  cav i ty  
(dark grey powder) 
R e s  u 1 t s 
Amorphous 
Amorphous 
Am0 rphous 
A l l  samples show a d i f f r a c t i o n  p a t t e r n  ind ica t ive  of amorphous 
materials. I n  order  t o  o b t a i n  d i f f r a c t i o n  p a t t e r n s ,  i t  i s  necessary 
t o  have a c r y s t a l  a t  l e a s t  100 angstroms i n  s i z e .  Since the  sur face  
oxida t ion  of gal l ium has been est imated t o  be about 10  angstroms t h i c k ,  
i t  i s  l i k e l y  t h a t  t h e  oxide c r y s t a l  i n  the  E'I'M i s  less  than 100 angstroms, 
G a l l i u m  oxide,  Ga20g, d isp lays  two c h a r a c t e r i s t i c  absorpt ion 
bands i n  t h e  i n f r a r e d  reg ion ,  a moderate absorp t ion  a t  13.5 microns and 
a high absorp t ion  a t  14.35 microns. An in f r a red  absorp t ion  tes t  was run 
i n  order  t o  determine t h e  presence of ga l l ium oxide.  This was done f i r s t  
by mixing some air-exposed gal l ium contamination wi th  potassium bromide t o  
make a p e l l e t  f o r  exposure t o  t h e  i n f r a r e d ,  Potassium bromide i s  used as  
a s tandard matr ix  because of i t s  transparency t o  i n f r a r e d .  When t h e  
gal l ium contaminant was mixed with the  K B r ,  even i n  successively smal le r  
concent ra t ions ,  t h e  r e su l t i ng  p e l l e t  darkened and was completely opaque t o  
in f r a red .  It is  theor ized  t h a t  t h e r e  may have been a reac t ion  between t h e  
bromine and gal l ium i n  t h e  p e l l e t  which caused the darkening. Another 
approach was taken  by spreading t h e  contamination on the sur face  of  a s a l t  
c r y s t a l .  The .infrared t e s t  showed no absorp t ion  up t o  approximately 1 6  
microns wavelength. There was no ind ica t ion  of absorpt ion a t  the 13 .5  and 
14.35 micron wavelength which would be a n  ind ica t ion  of Ga 0 2 3 '  
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The engineer ing test model w a s  p a r t i a l l y  disassembled fo r  
examination. The contamination of  a l l  e l ec t rodes  cons is ted  of a f l o a t i n g  
po r t ion  which had a mottled appearance, being l i g h t  and darker grey i n  
co lo r ,  and was q u i t e  t h i n  being of gossamer th ickness .  Three e l ec t rodes  
were disassembled. There was no evidence of gall ium a t t a c k  and they were 
a l l  w e l l  w e t t e d .  A contamination w a s  observed a t  the  bottom of t h e  e l ec -  
t rode  cav i ty  apparent ly  adhering very  s l i g h t l y  t o  t h e  Delrin in su la t ion .  
This contamination was very dark grey i n  co lor  and powdery i n  appearance. 
The powder was examined microscopical ly  and found t o  c o n s i s t  of very 
small  d rople t s  of gal l ium covered with a dark grey powder. 
appeared t o  be mostly gall ium, perhaps 95% t o  99% by volume, with only a 
The sample 
small  amount of t h e  dark grey powder covering i t .  The sample was centr i fuged 
i n  an attempt t o  separa te  t h e  powder from t h e  gal l ium, 
successfu l ,  i nd ica t ing  t h a t  the  dens i ty  of the powder and gal l ium probably 
were i d e n t i c a l .  X-ray d i f f r a c t i o n  was performed on the  powder. The d i f f r a c t i o n  
p a t t e r n  ind ica ted  an amorphous s t r u c t u r e  t o  t h e  powder. 
Emission tests were run  on the  f l o a t i n g  contamination (dross) ,  t h e  
This w a s  not 
powder and gal l ium from the  e l ec t rode ,  and as a con t ro l ,  pure  gal l ium. The 
resul ts  were as follows: 
Powder X T T T T T T T T I n , W ( ? )  
Dross x T T T T T T T T N i ,  Ag, K (?) 
Gallium X M  - M T - T -  - -  
Pure Gallium X T - T  - T -  - -  - 
(99 D 9999%) 
X = Strong Indica t ion  
M = Moderate Ind ica t ion  
T = Trace Ind ica t ion  - = No Ind ica t ion  
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Because of t he  d i f f i c u l t y  being experienced i n  ident i fy ing  t h e  
contamination by x-ray d i f f r a c t i o n ,  i t  w a s  decided t o  run a gravimetr ic  
thermal ana lys i s  (GTA), and i f  t h i s  w a s  successfu l ,  a d i f f e r e n t i a l  
thermal ana lys i s  (DTA). 
determining water of hydrat ion and d i f f e r e n t i a l  thermal ana lys i s  d e t e r -  
mines change of s ta te .  I n  the  GTA, a sample of the unknown i s  heated 
slowly a t  a f ixed  r a t e  t o  about 12OO0C. 
and temperature of t h e  unknown are cont inuously monitored. 
sample lo ses  t h e  water of hydrat ion,  t he re  w i l l  be accompanying weight 
change. By knowing t h e  weight change and t h e  temperature a t  which it  
takes  p lace ,  t h e  composition of t he  unknown can b e  determined by e i t h e r  
comparison wi th  a known o r  from published d a t a ,  I n  the  DTA, the  unknown 
i s  subjec ted  t o  a cons tan t  h e a t  input  and the temperature monitored con- 
t inuous ly .  
endothermic o r  exothermic r eac t ion  which w i l l  be  determined by a r e l a t i v e l y  
sudden temperature change. 
found by t h e  comparison with a known o r  from published da ta .  
A gravimetr ic  thermal ana lys i s  i s  a means of 
During t h i s  hea t ing ,  the  weight 
When the  
A change i n  s t a t e  of t he  sample w i l l  be  accompanied by an 
The composition of the  sample can then be 
A GTA was performed on the  f l o a t i n g  po r t ion  of t h e  contaminant 
t o  determine i f  it w a s  a hydrated form of an oxide of gal l ium (see  Figure 32). 
A weight change w a s  observed a t  75OoC. 
examination of the GTA tes t  equipment, t he re  appeared t o  be  some a t t a c k  by 
some gal l ium i n  t h e  contaminant upon t h e  w i r e  holding the t es t  s a m p l e .  
Upon fur ther  ana lys i s ,  i t  was decided t h a t  because of t he  highly r eac t ive  
na ture  of gal l ium a t  e leva ted  temperatures and the  r e l a t i v e l y  small  percentage 
quan t i ty  of oxide i n  t h e  sample, t h a t  i t  would be d i f f i c u l t  t o  o b t a i n  meaning- 
f u l  da t a  wi th in  t h e  cons t r a in t s  of the  program d i r e c t i o n .  S imi la r ly ,  a DTA, 
although f e a s i b l e  t o  run ,  would be extremely d i f f i c u l t  t o  implement because 
of t h e  r e a c t i v e  c h a r a c t e r i s t i c s  of the  gal l ium. 
However, a f t e r  disassembly and 
i"'? 
r 
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Figure  32 Gravimet r ic  Thermal Analys is  Apparatus 
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True determination of t h e  composition of t h e  gall ium contarn- 
i n a t i o n  by l i t e r a t u r e  search,  ana lys i s  o r  by tes t  i s  not  amenable t o  easy 
s o l u t i o n ,  
from an  engineering poin t  of view, and the  simple determinat ion of t he  
presence of oxygen compounds is  d i f f i c u l t  t o  achieve.  
The chemistry of gal l ium has not been widely s tudied ,  e spec ia l ly  
I n  order  t o  obta in  q u a l i t a t i v e  e f f e c t s  of water vapor and oxygen 
on gall ium, a bubbling test was set  up and run i n  which dry and sa tu ra t ed  
a i r  and n i t rogen  w a s  passed through a column of gall ium. The gas  flow rate 
was a t  t h e  rate of approximately 2 cubic f e e t  p e r  hour and the  test w a s  run 
f o r  a per iod of one month f o r  t h e  n i t rogen  and two weeks f o r  t h e  a i r  (see 
Figure 33 ). 
During the  tes t ,  nothing w a s  observed occurr ing in  the  gal l ium 
columns having t h e  dry and sa tura ted  a i r  and t h e  dry n i t rogen  passing 
through them. However, t h e  gal l ium having t h e  sa tura ted  n i t rogen  bubbled 
through it  appeared t o  conta in  both a very dark grey contamination and a 
very  l i g h t  grey o r  even white contamination, 
the  gall ium w a s  removed from t h e  tubes and v i s u a l l y  examined. 
ance of the  contamination w a s  as follows: 
Upon completion of t h e  tests, 
The appear- 
Gas 
Dry a i r  
Wet a i r  
Dry n i t rogen  
Wet n i t rogen  
Appearance of Contamination 
Light grey 
Light  grey 
Light  grey  and dark g r e y  
Light  grey and very dark grey 
white contamination on tube 
i 
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I .  
i’ 
I 
Figure 33,  Bubbling Test 
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8.0 CONCLUDING REMARKS 
Based on t h e  work done on t h i s  program, the  following can be 
s t a t ed :  
(1)  Tungsten, tantalum, and molybdenum having sur face  oxides  
removed are compatible wi th  gal l ium and are s a t i s f a c t o r y  f o r  
use i n  a l i q u i d  metal s l i p  r i n g ,  Graphi te  has too h igh  an 
e l e c t r i c a l  r e s i s t ance  t o  have general  app l i ca t ion .  
Del r in  and Teflon are compatible with gall ium. 
A l i q u i d  metal  s l i p  r ing capable of car ry ing  100 amps a t  3000 
v o l t s  i n  a vacuum is  feas ib l e .  
Further  s tud ie s  must be undertaken t o  determine t h e  composition 
(2 ) 
(3 1 
(4 1 
and t o  con t ro l  gal l ium contamination. 
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